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OVERVIEW OF TIlE REPORT

The following annual report encompasses eleven areas of research funded by the United States

Air Fuice Asuionautics Laboratoiy, Edwards Air Force Base, California under Contract F49620-87-C-

0049. Where possible published or about to be published work is included in this Report under each

of the eleven appropriate subheadings. The basic philosophy underpinning this work has been to

develop the technology for the synthesis, storage and handling of new high-energy density materials.

The importance of performing the "easier" heavy element chemistry as the ground work to

synthesizing the more challenging and potentially more useful lighter analog: ha; beer stressed

throughout much of this work. The validity of this approach is best illustrated in Part I where the

synthesis of i-IC-N-XeF' is described. The synthesis of the xenon compound has wade possible the

realization of the lighter and more energetic krypton analog, ItC-N-iKr!. The publication of trc.sc

results in turn precipitated a total of four theoretical papej on HC=_N-NgI'F (Ng = Ne, Ar, Kr, Xe).

While the neon analog is forecast to be unstable, the argon analog, IC=-N-ArlF is predicted to bc

stable. The hope of binding ArF (also presently unknown), potentially an oxidant of unprecedented

strength, to a fuel moiety, HICN, is intriguing and the direct consequence of having done a thorough

job delineating the chemistry of the heavier congeners.

Part I is concerned with the syntheses and characterization 6f noble-gas species in novel

bonding situations, more specifically, the investigation of the interactions of the strong oxidant Lewis

acid noble-gas cations, KrF" and XeF', with neutral organic nitrogen bases. This work has been

summarized previously in two Annual Technical Reports: May 1, 1987 - April 30, 1988 and May 1.

1 98- April 3)1, 1989. These and the pre:ent rcport outline theiis.hes,. .,d c ý. ---,.-u.-- 0

largze number of new xenon compound:, that had been prepared by thc interaction of the strong oxidant

Lewis acid cation XeF' with a number of organic nitrogen bases. The"i majority of the bases that had

been selected for study were oxidatively resistant perfluoro-organic nitrogen ba:ses with first ionization

potentials exceeding 10-11 eV. These recent findings represent a major extension of Group VIII (18)

chemistry in that they (1) significantly extend the range of known Xe-N bonded species, (2)

demonstrate that a large range of fluoro-organic ligands are capable of stabilizing Xe(l 1), (3) produce

several examples of the first compounds in which a noble-gas atom serves as an aromatic substituent;

(4) provide new series of modcel compounds which may aid in developing synthetic approaches to the
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formation of new xenon-carbon and krypton-oxygen bonds; (5) provide the first examples of Kr-N

bonded species, which, in turn provided the impetus for us to successfully attempt the synthesis of the

first compound containing a Kr-O bond. Most importantly from the viewpoint of practical impact on

the field of propellants and monopropellants, this aspect of our research has demonstrated that under

the appropriate conditions, strongly oxidizing Lewis acid cations can be bound to fuel substrates

containing a base center. The best illustration of this which we have discovered in the course of this

work has been the F-Kr-N--CH' cation, where KrF represents the most potent chemical oxidant

known.

The syntheses and attempted syntheses of adduct cations with other xenon Lewis acids are also

described in Part I, namely XeOTeF,4 and XeF.'. Using the XeOTeF ' cation as an acceptor, two

novel ,inpounds containing the first examples of N-Xe-O linkages were prepared, s-C 3FN,N-

XcOTcF5 AsEJ,, and s-CFYNzN-XeOTeF•+Sb(O'FeF,)j,. The novel salt, XeOIe-, Sb(OTeF),-, was also

synthesized in the course of this work, and is the only noble-gas salt known which is soluble at low

temperatures in a low polarity solvent and also represents the first ionic fully -OTeF, substituted

derivative. The:se compounds were characterized by '9F NMR, ':-Xe NMR and low-temperature laser

Raman spectroscopy.

Part II describes the syntheses and characterization of the first Kr-N bonded species, HC-N-

Kri: and three further examples of Kr-N bonds in which the KrFV cation is bonded to an organic

moiety, namely, R,,C=-N-KrF+ (Rr,- = CF 3, CF,, n-C 3F.) and their xenon analogs.

Part Ill describes our recently published theoretical findings relating to the HC--N-KrF' and

HC--N-Xer cations.

Part IV describes the preparation and characterization of Kr(OTeF-)2 . This compound provides

the first example of a species containing a Kr-O bond and has been prepared by the reaction of KrF 2

with natural abundance and '7n-enriched B(OTeF,)3 at -90 to -112 "C in SOCIF solvent.

Characterization of thermally unstable Kr(OTeFO2 and its decomposition products has been achieved

using `F and '1O NMR spectroscopy.

In view of the reported Lewis base properties of N=SF. and its resistance to oxidation (first

adiabaoic ionization potential, 12.5(0 eV), it was considered likely that N=-SF 3 would form adducts with

the i lc-gas cations XeF, XeOTeF.4 and XeOSeF.• which would be stable to redox degradation.

Nr •iurtcs of election affinity (EA) other than for XeF' (10.9 ev), KrF+ (13.2 eV) and ArF4 (13.6
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eV) are available. However, the EA values of XeOSeF,' and XeOTcF,* are predicted to be less than

that of XeF4 . and all xenon(,1) cations are below the first ionization potential (IP) of N=SF3.

Consequently, the xenon(l1) cations were expected to form ,cdox-stable adduct cations with N-SF 3.

In Part V, the ligand, N-=SF., was also studied in a variety of oxidatively resistant solvents deemed

suitable for noble-gas compound syntheses, and adducted with the Lewis acid AsF5 to assess the base

character of the ligand. Aspects of this work were reported on in our Annual Technical Report, May

1, 1989 - April 30, 1990. The F5SeO-Xe-N=-SF3• and F-Xe-N=SF3
4 cations have been synthesized in

BrF, solvent and fully characterized by 1
2

1
9Xe, 14N and `"F NMR spectroscopy. The salt, F-Xe-

N-SF,(AsF(,, was also synthesized by the direct combination of XeF'AsF¢, and N-SF 3 at -20 "C and

the vibrational spectrum was studied using low-temperature Raman spectroscopy. In addition, the

solvolysis of F-Xe-N-=SF3 ÷ has been studied in anhydrous HF and has lead to the novel F4S=N(H)--Xe-

V cation. The latter cation has been characterized in solution by "'2 Xe, 14N and `"F NMR

spectroscopy. Based on the "9F and '29Xe NMR spectroscopic data, further solvolysis of this cation

in HF gives rise to the FS-N(H,)-Xe-FR cation, the first example of an sp 3-nitrogen bonded to a noble

gas. Based on our understanding of Lewis acid-base adduct chemistry incorporating the strongly

oxidizing noble-gas cations as acceptor centers, it should be possible to extend the range of bases

coordinated to noble-gas cations and to other strong oxidizers such as chlorine fluoro-cations to

include related bases having heats of formation that are more endothermic such as NHF (AH"tg) -

9.1 kcal mol-', as a pure compound NHIF is a violent detonator; cf., gas phase heats of formation for

HCE-N, -31.2; NF 3, -31.9; NF2 H, -15.5; NH 3, -11.0 kcal mol'). Although the latter chemistry has not

yet been achieved, much of the ground werk has been laid by derrmonstrating that the higher molecuiar

weight analogs exist. In this instance that XeFR can he coordinated to the SF, analog, F5SNH2 and to

F4S=NH in their respective novel cations FXe-N(H,)SF,+ and FXe-N(H)=SF 4+.

In Parts VI and VII the hypervalent anions CIF, and XeFs- were prepared and studied for the

first time. Aspects of the work described in Parts VI and VII were carried out in collaboration

with Drs. K.O. Christe and W.W. Wilson, Rocketdyne Division, North American Rockwell, Canoga '

Park, California. This work has previously been summarized in our Annual Technical Report, May

1, 1989 - April 30, 1990. Hypervalent fluoro- and oxofluoro-anions are known to offer the best Li

possibility for stabilizing high oxidation states of the elements. These species are of particular

importance as they serve to extend our knowledge of the interrelation of valence electron lone pail --------------

3t b; .o',d ur
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stereochernical activity and coordination number in strong oxidizer fluorides. The CIF, anion was

determined to possess a stereochemically inactive lone pair while the two valence lone pairs of XeF,-

are active. Since our last Annual Technical Report, the hypervalent, highly coordinated, high-oxidation.

state anions IFO, TeF 6,O", TeF7 , IF. and TeF82 have been synthesized in anhydrous CH 3C-N using

anhydrous N(CH,)4,F as the fluoride ion source and are reported on in Part VII.

In Part VI, the low-temperature reaction. of either N(CH3)4F or CsF with CIF5 in CH 3C--N

solutions are shown to produce white solids (the N(CH3),' salt is explosive) which, based on material

balances and low-temperature Raman spectra, contain the CIF. anion. The similarity of the Raman

spectrum of CIF¢, to that of the octahedral BrF- ion indicates that CIF,, is also octahedral and that the

free valence electron pair on chlorine is sterically inactive I'he existence of the CIF, anion was further

supported by an "F exchange experiment between CIF, and "F-labelled FNO which showed complete

randomization of the "'F isotope among the two molecules. A high-field '"F NMR study of neat CIFi

and CIF, in anhydrous HF solution in the presence and absence of excess CsF has provided accurate

measurements of the CIF, NMR parameters including, for the first time, both "'5•C0 secondary isotopic

"F NMR shifts. Moreover, the NMR study also supports the existence of CIF," showing that CIF,

undergoes slow chemical exchange with excess CsF in anhydrous HF at room temperature.

In Part VII, the low-temperature reaction of N(CH3)4F with XeF4 in CHC3C-N was shown to

produce N(CH,) 4
4XeF;, a stable white crystalline solid at room temperature, but shock-sensitive at -

196 `C. The structure of the XeF5 anion was determined by X-ray crystallography and shown to be

pentagonal planar, representing the first example of an AXE, (in VSEPR nomenclature) geometry.

The anion was also characterized by vibrational spectroscopy and in solution by "'F and '29Xe NMR
spectroscopy. T el AeF 7 anion has a lso been prepared as tie N(C[li),' sah and studied in C-IC=N

solution by ' '"Xe NMR spectroscopy and shown to be fluxional on the NMR time scale.

Our preparation of the XeF,- anion, the first known example of a pentagonal planar AX5 E2

(where E stands for a free valence electron pair) species, prompted us to study some closely related

iodine and tellurium compounds. Furthermore, there are relatively few examples of main-group species

which allow the applicability of the valence shell electron pair repulsion (VSEPR) rules to

coordination numbers exceeding six to be tested. In Part VIII the IF(,O, TeF6,O2, TeFT, IF. and TeF8
2 "

anions have been synthesized in anhydrous Cl-l•C-N using anhydrous; N(CF-3)4,F as the fluoride ion

source and cheuracterized by NMR spectroscopy and vibrational spectroscopy and represent examples



of seven- and eight-coordinate species having symmetries C5, (IFO- and TeF•O 2 ), Dh (TeF7 ) and D4,
(IF1-, ThF1").

Part IX describes the photoelectron spectra of XeF:, XeF4 and XeF, obtained using

monochrornatized synchrotron radiation. We have resolved ligand field splittings by photoelectron

spectroscopy in relatively deep core levels (EB > 30 eV) for the first time. To resolve these effects

requ~red very high resolution riot previously attained. The spectra have been characterized using a

simple Hamiltonian involving crystal field splitting and spin-orbit splitting. Of particular interest, we

have estimated the gas phase structure of XeF, from the Xe 4d spectra using an additive model similar

to that used in Mossbauer spectroscopy. It has been shown that for a C3, XeF, structure, (),,3 = 50'

and . = 76 ±4"- This is perhaps the best experimental evidence for the distortion of gas phase

XeF,, and it is shown to be in excellent agreement with the recent theoretical calculations.

Part X describes the syntheses and characterization of the fully substituted -OTcF5 derivatives

of the powerful Lewis acids SbF., and BiF5, namely M(OTeF 5 , (M = Sb, Bi) and the isolation of

Et4N' salts containing the novel octahedral anions M(OTeF,)6o. The properties of these interesting

species are described together with their characterization by '"F NMR spectroscopy and, - ; •ase

of M(OTeF )6 , by 2'2 Sb and 't•Bi NMR spectroscopy. A prcvious Aituual Report (May 1, 1987 - April

31, 1988) described the syntheses and characterization.of the fully substituted -OTeF5 derivatives of

the powerful Lewis acids SbF, and BiF5, namely M(OTeF,). (M = Sb, Bi) and the isolation of Et4N'

salts containing the novel octahedral anions M(OTcF:)j. The properties of these interesting species

were described together with their characterization by '9F NMR spectroscopy and, in the case of

M(OTeF5 ),, by "'Sb and Z"'Bi NMR spectroscopy. As a continuation of this study, Part X also

describes the I Pb(OTeF.O,]- anion, which has been generated in CHC-N by means of the reaction

of (Et4N') 2PbC],,2 with (i) AgOTeF, and (ii) Xe(OTeF.)2. This is the first example of a Pb(IV)

compound containing the highliy electronegative, monovalent OTeF. ligand. The [Pb(OTeF5 )6]' anion

is a large oxidatively resistant anion which is of great interest for stabilizing strongly oxidizing cations

such as the noble-gas cations. The [Pb(OTeF,),]] anion has thus far been characterized in CH3C-N

by 207Pb and '91F NMR spectroscopy. The inorganic chemistry of Pb(IV) has also been extended by

synthesizing mixtures of the previously unknown octahedral anions [F'bClF 6,-12. All the above anions

have been characterized in CHiC-r4 solution by "F and 1"'"Pb NMR spectroscopy. All of these anions

are expected, unlikc their fluorine analogs, AsF,,, SbF,, and BiF,, to be weakly coordinating anions.
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For example, XelVSbF•, is strongly fluorine-bridged in the solid state, i.e., F-Xe..---F-SbF5 , whereas

the cation and anion in the OTeF-anailog, XeOTeF,'Sb(O'eF,),,, are only weakly interacting. It is

anticipated that these anions hold considerable promise for the preparation of novel and unusual

species by virtue of their weakly coordinating natures. For example, one might anticipate being able

to protonate xenon if the following reaction were carried out in a solvent having a proton affinity

lower than that of Xe:

Xe(OTeF5 )2 + Sb(OTeF,)3 + HOTeFs --- > HXe*Sb(OTeF_), (l)

In this instance, Sb(OTeF,),- could reasonably be expected to have a proton affinity lower than that

of Xe; if this were so then so that Xe would be preferentially protonated. These large weakly basic

anions may also be useful in stabilizing the methyl analog, XeCH_4 . The XeH+, XeCH,+ and KrCH3'

cations are spectroscopically well characterized in the gas phase and the other N,,H-l cations are also

stable gas phase species and one might anticipate using these weakly coordinating anions to protonate

lighter noble gases. The isolation of the first salts of the heavy and light noble-gas cations, NgH' and

NgCHl-+, could be of general interest to the development and storage of monopropellants and fuels.

Part XI represents a collaborative effort with Drs. K.O. Christe and W.W. Wilson, Rocketdyne

Division, North American Rockwell, Canoga Park, CalifOrnia. The project is concerned with' "F

radiotracer exchange experiments ihich confirm that the lack of pentacoordinated nitrogen species,

namely NF5, is due mainly to steric reasons.
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PART I

LEWIS ACID PROPERTIES OF XeL÷ (L = F, OSeF5, OTeF5 )

CATIONS; ADDUCTS WITH ORGANIC AND FLUOROORGANIC

NITROGEN BASES AND SOLVOLYTIC BEHAVIOR OF

HC=N-XeFr IN ANHYDROUS HF

i i l i I I I I II I II7
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LEWIS ACID PROPERTIES OF NOBLE-GAS CATIONS

Gary J. Schrobilgen

Department of Chemistry
McMaster University
Hamilton, Ontario L8S 4M1
Canada

INTRODUCTION

While many examples of xenon bonded to oxygen or fluorine and of xenon

bonded to other highly electronegative inorganic ligands through oxygen were.

synthesized immediately following the discovery of noble-gas reactivity (1),

over a decade had elapsed before an example with a ligating atom othel: than

oxygen and fluorine, namely nitrogen, was synthesized (2) and two decades

before the Xe-N bond in FXeN(SO2F) 2 was definitively characterized in the

solid state by X-ray crystallography and in solution by multinuclear magnetic

resonance spectroscopy (3). Other imidodisulfurylfluoride xenon-nitrogen

bonded species have since been definitively characterized using primarily NMR

spectroscopy, namely, Xe(N(SO2F) 2 ] 2 (4,5), F [XeN(S0 2 F) 2 ] 2
4÷ (4,5), XeN(SO2 F),2 AsF6

(6) and XeN(SOzF) 2+Sb3F16- (6) and the latter salt has also been characterized

by single crystal X-ray diffraction. The compound, Xe[N(SO2CF 3 )2 ] 2 (7), has

also been prepared and characterized, and is the most thermally stable of the

imido derivatives of xeýnon.

Recently, a significant extension of noble-gas chemistry, and in

particular, noble-gas nitrogen bonds, has been achieved by taking advantage

of the Lewis acid proporties of noble-gas cations. This has given rise to

numerous new examples of xenon-nitrogen and krypton-nitrogen bonds. The
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adduct salts, which have stabilities ranging from explosive at -60 'C for F-

Kr-N=CH÷AsF•- (8) to stable at room temperature for s-C 3 F3N2N--XeF÷AsF6 - (9), have

donor-acceptor bonds which are among the weakest bonds that still deserve to

be called bonds. The present Review outlines the syntheses, structural

characterization and bonding of nob]G-gas adduct cations for a variety of

organic and inorganic nitrogen base centers.

LEWIS ACID AND OXIDANT PROPERTIES OF NOBLE-GAS CATIONS

Tn view of the propensity of the XeF+ cation to form strong fluorine

bridges to counter anions in the solid state (10), the XeF+ cation may be

regarded as having a significant Lewis acid strength. Based on considerations

of the high electzon affinities of the cations (ArF÷, 13.7 eV (!I); KrF-, 13.2

eV (12); XeFt , 10.9 eV (12)) and -first adiabatic ionization potentials of

selected bases, where the first adiabatic ionization potential, IP1 ,

determined from photoelectron spectroscopy, is equal to or greater than the

estimated electron affinity, EA, of the noble-gas cation; it has been

possible to single out specific nitrogen bases and classes of nitrogen bases

which offer reasonable promise for preparing noble-gas adduct cations in

which the strongly oxidizing noble-gas cations are bound to organic and

perfluoro-organic fragments through the nitrogen of the base. A list of some

nitrogen bases that have potential or proven compatibility with the estimated

electron affinities of the XeFV and/or KrF÷ cations is given in Table 1 along

with their IP1 values.

a.-... .U -+-h TD 1•4.5q eV P141) i archAEtyical of the other

oxidatively resistant organic and perfluoro-organic nitrogen bases which form

addrýts with noble-gas Lewis acid centers. For that reason, its interactions

10



¶'able 1. First Adiabatic: Ionization Potentials of Some Organic and Inorganic Nitrogen Bases

Compound 1at Ionization Potential References

CF,C-N 13.90 14

N--,C-CmN 13.57 15

HEcN 13.59 13

trans-N2 F2  13.10 ± 0.1 16

CHFCs-N 13.00 ± 0.1 17

CH2 C=--N 12.90 17

N=-SF3 12.50 18

CIC2N 12.49 ± 0.04 19

Ck•"2 C=N 12.40 17

CD2 C-N 12.24 t 0.005 20

CHC1 2C--N 12.20 T 0.1 17

CHC-N 12.19 t 0.005 20

1I•F4 12.04 ± 0.1 21

BrC=tN 11.95 t 0.08 19

C2BHC-N 11.85 15

NaSF 11.82 18

n-C 2 H7C=N 11.67 22

ND, 11.52 23

(CHI) 2CiC--N 11.49 22

s-C 2 F2 N, 11.50 24

ND2B 11.47 ± 0.02 23

NE-C-C--C-CaN 11.45 ± 0.02 25

N-m-C-C-CrC-caN 11.40 25

S (C-N), 11.32 26

(CE,),CCnN 11.11 22

ICaN 10.98 ± 0.05 19

HNC-N 10.76 27

B-BViN, 10.46 24

NU. 10.34 t 0.07 28

C1FN 10.08 24

10.07 ± 0.05 29
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with the XeF* and RrF" cations will be discussed in considerable detail.

SYNTHETIC APPROACHES AND CHARACTERIZATION

Multi-nuclear magnetic resonance spectroscopy has played an important

role in the characterization of noble-gas species (31-33). A substantial

portion of the present Review is concerned with structural characterization

and inferences regarding bonding derived from NMK studies. The role of NMR in

noble-gas chemistry is exempliftied by xenon, although the observation of the

"IrE4, 14',3N, "C and 11l NMRa spectra is equally crucial. Xenon is the most

favorable noble-gas from an NMR standpoint since it has a spin-l/2 nuclide,

129Xe (26.44% natural abundance), with a receptivity aL 31.8 relative to that

of natural abundance 13C. The high receptivity, non-quadrupolar nature and

short spin-lattice relaxation times of 2̀ Xe allow spectral data to be readily

acquired using modern FT NsR spectrometers.

The Jiydrocyano Cations,_ HCN-NgF_ N(Na_ - ir or X••j. Hydrogen cya•ilde i1

oxidatively among the most resistant ligands invosttgated thus far (Table 1),

having a first adiabatic ionization potential of 13.59 oV. The estimated

electron affinity of XaF+ (10.9 *V) (13) suggested that HCuN would be

resistant to oxidative attack by tho Xeo' cation and that HCmN.-Xee' might have

sutficiorit thermal stobility to permit its spocUtoscopic characterization in

solution and in the solid state.

The reaction of XeF' with IlCeIi and the subsequent isolation of IICeII-

XQF'AsH<" and its characterization have indeed been rualized. The reactions of
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'i' -;Y . - 2 •" '• .. ... •'• 7¶u'i r r• -attair.•.-.•¸"'s,•.....• •• •- ,•...~ ± t t ' ,•rrrrr •r: r.

XFAsF6 - and Xe2F 3 tsF-. with HC=N huve been reported (34, 35) and were carried

out according to equations (1) and (2) by combining stoichiometric amounts of

the reactants in anhydrous HF (-20 to -10 °C).

XeFýAsF6 - + HC0-- > HCi-N-XeF+AsFj- (1)

Xe 2F 2+AsF6 - + HC=N ----- > HCEN-XeFt AsF6 - + XeF2  (2)

The compound, HCEŽN--XeF*AsF 6 , has been isolated as a white microcrystalline

solid upon removal of the solvent a. --30 'C and was stable for up to 4 - 6

hrs. at 0 'C. Solutions of HCz--N-XeF4 AsF,- in HF solution at ambient temperature'

slowly decompose over a period of 13 hrs.

Every element in the 1iCmN-XeFW cation possesses at loast one nuclide

which iv suitable for observation by NMR spectroscopy, namely, the spin-i/2

nuclei 1H, 1C, 1"N, •'Xe and *"F, and the spin-i nucleus "N (Figure 1).

Multinuclear magnetic resonance spectra were recorded for HC-N-XeF4 AsF4 " in HF

and BrF, solvents for all six spin-1/2 nuclei of the cation using natural

abundance and "C and "N enriched compounds. All possible nuclear spin-spin

couplings have been observed, establishing the solution structure of the

HCSZ-XoF' cation (Table 2). Included among these scalar couplings are 'J( 29Xe-

14N), J("'X.-"C) and 3.J("'Xe-'H), representing the first time these scalar

couplings have boon observed between these nuclides.

An interesting feature of the NMU spectroscopy of the HC-"N-XeF4 cation

is the ready observation of the directly bonded "'Xe-"4N and "'N--"C scalar

coupiings. .re observati'on of both couplings anid the rnlative ase vOf

obsorving 1J(' 2 Xe-'4 1;) in the a]kyl nitrilo, s-trifluorotriazine and

13
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*nricbved smple; and CHC*N-XeF'AaF- where (b) is the natural spectrum and (c) is 99.7% "C enriched at
tUm 2-carbon. (Reprinted with permission from ref. (34)).
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perfluoropyridine adducts of XeF÷ (see Spectroscopic Findings and Table 3) is

-attributed to several factors which minimize quadrupole relaxation of the

12'Xe-' 4 N and 14N-13C couplings; the low electric field gradient at the 14N

nucleus of the adduct cations, low viscosity of the HF solvent leading to a

short molecular correlation time and the small line width factor for "'N (36).

However, in the higher viscosity solvent BrF5 (-58 °C), the la9Xe-14N and 14N- 1 3 C

couplings are quadrupole collapsed into single lines. Because they are

generally obscured owing to quadrupolar relaxation caused by the 1411 nucleus,

15"N enrichment was required for the observation of scalar couplings between

nitrogen and non-directly bonded nuclei where the magnitudes of the couplings

are small (Table 2).

Prior to the synthesis of the HC=N-NgFt cation, no examples of krypton

compounds had been reported in which krypton is bonded to an element other

than fluorine. In view of the previous success in forming the HC=N-XeF+ cation-

(34,35), the synthesis of the krypton(II) analog was undertaken (8). The

estimated electron affinity for KrF÷ of 13.2 eV suggested that HC=N might have

at least a marginal resistance to oxidative attack by the KrF4 cation and that

HC=N-KrF÷ might have sufficient, thermal stability to permit its spectroscopic

characterization.

Unlike the xenon (II) analog, the direct interaction of KrF÷AsF6 - with HC=N

solutions in HF and BrF, solvents was not attempted owing to the strongly

oxidizing character of the KrFt cation towards HC=N and BrF5 as well as its

tendency to undergo auto-redox reactions in both solvent media. Rather, the

interaction of less reactive KrF 2 with HC-=NH÷AsF 6 - in HF was the preferred

synthetic route. Reaction ot sparingly soluble aC=NH'AsF; with Krr'2 in ur at

-60 'C led to instantaneous deposition of a white solid which, upon warming

15



Table 2. IR4 Chemical Shifts and Spin-Spin Coupling Constants for the HC=-N-

XeF÷ Cation"

Chemical Shifts (ppm)b
5(129xe) 6(19F) 6 14N/15) 6(13C) 6(H

-1555 -199.0 -234.5 104.1 4.70

(-1570) (-193.1) (-230.2) (6.01)

Coupling Constants (Hz)

1J (' 2 Xe- 1 9'F) 6171 (6165)

'J ('"Xe-14N) 334 lj(129Xel 5N), 471 (483)

Ii (14N-1C) ,22 1j (13C_1H), 308

2J (2Xe - 13c) , 84 2J (_5N-19F) 23.9 (23.9)

2j (I5_H), (13.0) 3j(1 29Xe-IH)6  24.7 (26.8)

31 (19F_3c) ,18 4J( 19F-iH), 2.6 (2.7)

(a) References (34) and (35). Spectra were recorded in anhydrous HF at -10

'C or at -58 *C on BrF5 solvent (values in parentheses).

(b) Samples were referenced externally at 24 *C with respect to the neat

liquid references standards XeOF4 (1'29Xe), CFC1 3 (19F), CH3NO2 (14N and 3j),

(CH) 4Si ('3 C and 1H) where a positive chemical shift denotes a resonance

occurring to high frequency of the reference compound.
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above -50 °C, rapidly evolved Kr, NF3 and CF4 gases and was usually followed

by a violent detonation and accompanying emission of white light. When these

reactions were allowed to proceed at approximately -60 'C, the mixtures were

periodically quenched to -196 0C in order to study the developmez•: of the

Paman spectrum of the product (see Bonding Considerations). The interaction

of HC NH4AsF6- and KrF 2 in BrV5 led to a soluble product which was stable to at

least -55 °C in BrF. -,ith only slight decomposition. The '1F NMR spectra of

these solutions at -58 °C and in HF at -60 "C are consistent with equation (3)

KrF2 + HC=NH4 AsF6- > HC=N-KrF÷AsF.- + HF (3)

The structure of the HC=N-KrF÷ cation in solution has been confirmed by

reaction with 99.5% 'ýN enriched HC---NH'AsF.- in BrF¶ solvent. The '-F and "H

resonances exhibit new doublet splittings attributed to "N coupling (Figure-

2a) . The new splitting (26 Hz)' on the 19F resonance was assigned to the two-

bond spin-spin coupling 2j (19F-_5N) and compares favorably in magnitude with

previously reported values for F-Xe-N (SO 2F) 2 (2j (11F_15) = 39.2 Hz) and CH3C-N-

XeF÷ ( 2J(1"F-15 L) = 25 Hz. calculated from 2 J(19F-' 4N) = 18 Hz) . Krypton isotopic

shifts arising from8 2Kr (11.56%), aKr (56.90%) and 86Kr (17.37%) were resolved

on the "F resonance (0. 0138 ppm/amu) and served as an added confirmation that

the fluorine resonance arose from fluorine directly bonded to krypton. The

doublet fine structure (12.2 Hz) on the 1H resonance of the 'N, enriched cation

(Figure 2b) was assignedto2 J("N-'H) (cf. 2J (' N-H) = 19.0 Hz for HC=NH+ in

HF solvent). The 75N NHR spectrum comprised well-resolved doublet of doublets

(Figure 2c) arising from 2j("F-I5 N) and 2J('5N-'H) which simplified to a doublet

(26 Rz) upon broad band '-H decoupling, confirming the aforementioned coupling
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Figure 2.

Mat spectra of the RC-N-KrT cation enriched to 99.5% with hg, in BrF1 as solvent at -57 0 C. (a)
"V Spectrum (235.36 MHz) depicting 2j("-_13N) and 4J("F-'H) and krypton isotope shifts. Lines
assigned to fluorine bonded to '"Kr (i.56%) "*Kr (56.90%), and "Kr (17.37%) are denoted by the
krypton =&as number. The innermout lines of the *'Kr and "Kr doublets overlap their corresponding
"I8Kx doublets. The isotopic shift arising from *'Kr (11.53%) is not resolved; those of OKr (0.35%)
ari er (2.27%) are too weak to be observed. (b) 'H Spectrum (80.02 MHz) depicting 2J(LN-LH) and
4J( 1-Y-1.H). (c) "N Spectrum (50.70 MHz) depicting 2j( 1 8r 5 N) and 2J("I-'R). (Reprinted with
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constant assignments.

Perfluoroalkyl- and Alkylnitrile Adducts of XeF4 . The measured value of the

first adiabatic IP of CF 3C=N (13.90 eV) (15) suggests that this base should

be even more resistant to oxidative attack by KrF÷ and XeF÷ than HC-=N.

Moreover, CF 3C•N would be expected to possess a more weakly basic nitrogen

that would be conducive to the formation of a correspondingly more ionic Ng-N

bond (see section on Theoretical Calculations). The perfluoroalkyl nitrile

adduct cations of XeF4 have been prepared by the interaction of equimolar

amounts of XeF4 AsF6 - or Xe 2F3÷AsF6 - and PR.C=N (RT = CF 3 , C2F5 , n-C3 F7 ) in BrF5

solvent (9) according to equation (4)

RkC=N + XeF÷AsF6 - (Xe 2F3+AsF6 ) > R•C=N-XeF÷ASF 6 (+ XeF2) (4)

The syntheses of the krypton(II) analogs have also been reported and were

undertaken at low temperatures in BrF5 solvent using the general synthetic

approach given in equation (5)

RFC-N-AsF. + KrF2  > RC-=N-KrF+AsF- (5)

The RrC-N-NgF÷ cations have been characterized in BrF5 iby low-temperature

(-57 to -61 *C) -9F and ...Xe NMR spectroscopy and consisted of two sets of new

signals: a singlet in the F-on-Kr(II) and in the F-on-Xe(II) regions, and

resonances in the F-on-C region with characteristic 3J(1 9F- 19F) and 'J( 19F-1 3C)

couplings having chemical shirts to high frequenuy uZ theý pazat hbaSi

molecules (Table 4). In each case, the singlet assigned to F-on-Xe(II) was
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Table 4. Correlation of Physical Properties for Representative Ng-F Bonds

NMR Parameters'

r (Ng-F)• v (Ng-F) zj (,12._1V) d 5 (121XQ) d,. 6 (IV) d..

Species^ A cm' Hz ppM ppmn T, -C Rof.

KrF* (1.740)

KrFSb2 F.- 624 42

KrfA&F," 609 42

(FKr) 2F÷' 605 73.6 -65 42

HC•-N-K.rF (1.748) 560 99.4 -58 8

CF 3C='N-KrF* 93.1 -59 9

CFC•N-KrF÷ 91.1 -59 9

C3FC=N-KrF÷ 91.9 -59 9

KrF, 1.875 462 68.0 -56 43,44

(1.843)

X.F (1.886)

XeF"Sby1 1 - 1.82(3) 619 7230 -574 -290.2 239 31,42,45,46

XeFAaF,- 1.873(6) 610 6892 -869 -47 9,42,47,48

(FXo) 2F*t  1.90(3) 593 6740 -1051 -252.0 -62 31,42,46,49

HC-N-XaFr (1.904) 564 6181 -1569 -19a.4, -58 34

FS--N-Xer 554 6248 -1661 -180.5 -60 38

CF3C=N-XeF÷ 6397 -1337 -210.4 -63 9

CFC-=N-XoF÷ 6437 -1294 -212.9 -63 9

C 3FCnN-XeF 6430 -1294 -.213.2 -63 9

CHC•N-XeF~b 560 6020 -1708 -185.5 -10 34

8-C F 3N2N-Xer 548 5932 -1862 -145.6 -50 9

5909 -1808 -154.9 -5

FO2 SO--X.F 1.940(8) 528 5830 -1666 -40 31,46,50,51

cia/trans-

F4010-X.F 5803/ -1824/ -161.71 0 52

5910 -1720 -170.1' 0

•FN-XeF÷ 528 5926 -1922 -139.6 -30 39

4-CF3 C5 F 4N-XeF÷ 524 5963 -1853 -144.6 -50 39

F 5TeO-XeFJ 520 -2051 -151.0k 26 53,54

(FO2S) 2N-XeF 1.967(3) 506 5586 -1977 -126.11 -58 3,4

5664J -20093 -126.0 -40

Y4S=N (H) -Xe.W -2672" 1 -20 38

FS-N (Ha) -XQF" -2886" 1 -20 38

FsT*-N (E) -XeF÷ -2903 ' -50 40

-2B41m 1 --45

X.W 2  1.977 496 5621 -1685 -184.3 -52 9,55,56

(I 9A4)

Continued...
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Table 4 (continued)

(a) Unless otherwise indicated, all cations have AsF,- as the counterion.

(b) Values in parentheses are calculated values determined in Ref. (41).

(c) Spectra were obtained in BrF. solvent unless otherwise indicated.

(d) The NMR parameters of KrF and XeF groups are very sensitive to solvent

and temperature conditions; it is therefore important to make

comparisons in the same solvent medium at the same or nearly the same

temperatures.

(e) Referenced with respect to the neat liquids XeOF4 (129Xe) and CFCl 3 (19 F)

at 24 °C; a positive sign denotes the chemical shift of the resonance in.

question occurs to higher fre(.jueacy of (is more deshielded than) the

resonance of the reference .

(f) Table entries refer to the terixixri.] fluorine on the noble-gas atom.

(g) Recorded in SbF. solvent.

(h) 8(1 9F) measured in anhydrous HF solvent at -10 *C.

(i) 5(1 9F) measured in S0 2CIF solvent at -40 *C.

(j) NMR parameters measured in SO2ClF solvent.

(k) NMR parameters measured ih SO2ClF solvent at -50 °C.

(1) Not observed; Xe-F is relatively ionic and readily undergoes exchange in

HF solvent.

(M) 6(1 29Xe) measured in HF solvent.
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flanked by natural abundance (26.44%) ' 29Xe satellites arising from 1J(1 29Xe-

t19F). The integrated relative intensities of the fluorine-on-noble gas

environments and perfluoroalkyl group are consistent with the proposed

formulations. Furthermore, the F-on-Kr(II) resonance of Crh3C-N-KrFt could be

resolved to show the 82Kr, "4Kr and "6Kr isotopic shifts (0.0105 ppm/amu), which

compare favorably with previously measured values for HC-N-KrF÷ (0.0138

ppm/amu) (7) and KrF2 (0.0104 ppm/amu) (54). In addition, the F-on-Kr(II)

resonances occur to high frequency of KrF2 while the F-on-Xe(II) resonances

occur to low frequency of XeF 2 (Table 4). Similar, but slightly more positive

"19F chemical shifts have been observed for HCEN-KrF4 (6(1 9F) 99.4 ppm; -57 'C;

BrFs solvent) 3 with respect to KrF2 (6 (19F) 68.0 ppm; -56 'C; BrF solvent) (8).

This is in contrast to the RPC=N-XeF+ series of cations which display

significantly more positive 19F (F-on-Xe(IT)) and '29Xe chemical shifts when

compared with HC-=N-XeFt (6("F) -198.4 ppm; 6 (129Xe) -1552 ppm; Ij(I 29Xe_-"F) 6150

Hz; -10 0C; HF solvent) (34) and XeF2 (6(19F) -184.3 ppm; 6(129Xe) -1685.2 ppm;

Ij(1 29Xe_-9F) 5621 Hz; -52 'C; Brr?5 ). The '29Xe and 19F complexation shifts

indicate the Xe-N bonds of the ReC-N-XeFt cations are significantly more ionic

than in HC=N-XeF÷ or RC-N-XeF÷ (9) and is further supported by significantly

larger 'J(1 29Xe-19F) values measured tar the R,,C2N-XeF÷ cations, which are known

to increase with ionic character of the Xe-L bond in F-Xe-L type compounds

(see Table 4) (31-33). The NC=-N-XeFt cations represent the most ionic Xe-N

bonded species presently known. In contrast, the analogous comparison of "F

chemical shifts for B.C=N-KrF÷ cations suggests that the Kr-N bonds of these

cations may be slightly more covalent than in HC-=N-KrFt .

All three fluoro (perfluoroalkylnitrile)krypton(II) cations are thermally

less stable with respect to redox decomposition than HC=N-KrF÷ or their
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xenon(II) analogs, preventing their isolation and characterization in the

solid state. Decompositions monitored b,, "F NMR spectroscopy occurred over

periods of approximately 1 to 2 hours at -57 to -61 QC. The major

decomposition products consisted of Kr and the fluorinated products (19F NMR

parameters listed in parentheses): CF 4 (-63.1 ppm), C2F? (-88.6 ppm) and NF4'

(219.4 ppm, 'J(19F-"4N) 229 Hz) for all three PC=N-KrFt cations studied, and

n-C 3 FF (--83.8 ppm, F3C-; -132.8 ppm, -CF 2-) for C2F5C=N-KrFt and n-C3F?, n-C 4F10

(-82.8 ppm, F3C-; -129.2 ppm, -CF 2-) for n-C3F.C--N-KrF4 (9).

Reactions of XeFt AsF6 - with alkyl nitriles, RC=N, and C6 F5CN have also

been carried out by combining stoichiometric amounts of the reactants in

anhydrous HF and warming to -50 to -10 0C to effect reaction and dissolution

in the solvent (34,37). The reactions proceed by analogy with equation (1).

In the case of the alkyl nitriles and HCE-N, equilibrium (6) is significant so

that equilibrium amounts of XeF 2 , RC=-NHI and HC-=NH are obsi.rved in the 129Xe,-

"tF, 14/15N, 2"C and 'H NMR spectra but XeF 2 frequently is not observed in the 19F _

and '"Xe NMR spectra. The apparent absence of XeF 2 in the NMR 52'actra is

attributed to chemical exchange involving free XeF t arising frou equilibrium

(7) and Xe2F)4 as an exchange intermeaiate "equilibrium (8)).

RC=-N-XeF t + HF ' RCE--NH+ + XeF 2  (6)

RC=---XeF t  RC-NH + XeF4  (7)

XeGF + XeF!2  - XeF3f (M)

Hulti.-NMR spectra (1"Xe, 19F, 141N, 15N, "C aud 1H) have provided
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* unambiguous proof for the structures of the RC-=N-XeFt cations in HF solution

(Table 5). Several alkyl nitrila adducts of the XeF÷ cation have also been

isolated and characterized in the solid state by low-temperature Raman

spectroscopy. The Xe-F stretching frequencies are consistent with weak

covalent bonding between xenon and nitrogen (see Bonding Considerations) : C13

(560), CH 2 F (565), CHCl (564), C2H5 (541), (CH 3 ) 2CH (556), (CH%)3C (560); values

in parentheses are the Xe-F stretching frequencies, cm-'.

The decompositions of the nitrile adduct cations CH3 (C1I2 )C=-N-XeF÷ (n

0 - 3) have been monitored in HF solution by multi-NMR spectroscopy. The rate

of fluorination of the alkyl chain increases with increasing chain length

with degree of fluorination increasing at the alkyl carbons in the order 11 <

y < 6, where no fluorination is observed at the z-carbon.

Perfluoropyridine and s-Trifluorotriazine Adducts of XeF÷. The fluoro-'

(perfluoropyridine)xenon(II) cations, 4-RC5 F4N-XeF4 (R = F or CF.), have been

observed in HF and BrF5 solutions nind are stable in uoth media up to -30 'C.

The salts 4-RC5 F 4N-XeF+AsF6 - have been isolated at -30 0C from BrF5 solutions

initially containing equimolar amounts of 4-RC5F 4NH+AsFJ" and XeF2 . The

resulting white solids were stable to -25 0C. Low-temperature Raman and '29Xe,

19F and 14N NMR spectroscopic re-sults are consistent with planar cations

(Structure 1) in which the xenon atom is coordinated to the aromatic ring

F F

R-- N-Xe- As FJ

L /`

I

2.5



Table 5. Selected NMR Chemical Shifts and Coupling Constants for )RC!N-XeF'

Cations"

Chemical Shifto (ppm)b Spin-Spin Couplings (Hz)

Cation 6 (illyX i *F LN (129Xe-10¥) J (2Xe-Y N

CHCUN-XeF' -1707 -185.5 -25].A. 6020 313

CH2FC*N-X•F' -1541 -198.2 (Xeo) -229.2 6164 333

-241.7 (CF)

CH2 C1CmN-XeE" -1583 -195.5 -236.6 6147 331

C!CCIIC-%N-XeF' -1717 -184.6 -251.9 6016 312

CH2Fi2 'WCwN-XeF' -1662 -182.8 (XeF) 6063 322

-218.8 (CF)

CHICH2CH 2C'N-XeEr -1718 -189.1 --249.7 6020 309

CH2FCH2CHCuN-XOF' -1663 -187.7 (XoF) 6065 321

-222.7 (CF)

CH.CHI'CHCN-XeF' -1700 -186.1 (XeF) -257.8 6038 315

-172.1 (CF)

CHF2CHCH2CUN--XeE" -120.9 (CF)

CHCH2CH2 Cf`lCWM-'X"E" -1720 -183.2 -247.1 6022 309

CHZFCH2CHCH 2CUU-XeF" -1703 -184.6 (Xer) 6027 311

CH3C.WCH2CH2CmN-XeF4  -- 1705c -185.1 (XeF) 6015

-175.9 (CF)
(CHI) 2CHC•-N-XeFt  --1721 -184.5 -251.4 6016 309

(- -1721 -184.3 -251.4 6024 309

CH2C1C (CH3) 11C-N-XeF' -1703 -198.7 6027 314

CH2FC (CH)HCMN-XeF' -1669 -187.9 (XeF) -243.8 6027 301

-235,3 (CF)
CFC-N-X-eF -1424 -201,8 6610

(a) References (34) and (37).

(b) Recorded at -10 to --30 *C and referenced externally at 24 "C with respect

to neat liquid references: XeOF, ( 129Xe), CFC13 (-'F), CH3NO2 (IAN) and

TMS( 13 C) and ('H).

(c) Resonance overlaps with that of CH2 FCHCH2 CHR2 C-N-XeF4 .
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through the lone pair of electrons on the nitrogen (ref. (39) and Tables 3

and 4).

Equimolar amounts of XeF"AsE7- and the perfluoropyridine, 4-.RCSF 4N (R = F

or CF3 ), react in anhydrous HI at -30 to -20 0C according to equation (9) and

equilibria (10) and (11) to give the novel Xe-N bonded cations, 4-RC5 FN-XeF÷,

as the AsF,- salts in solution.

4-RCsF4N + (I + x)HF > 4-RC5 F4NH t(HF)xF- (9)

4-RC5F4NHW(HF)xF- + XeF+AsF- ----- 4-RC5 F4NHWAsF6- + XeF 2 + xHF (10)

XeF*AsF6- + 4-RC5F 4NHCAsFy ----- 4-RC5F 4N-XeF tAsFJ- + "HAsF,' (13)

At -30 0C these solutions consisted of equilibrium mixtures of XeF 2,J

4-RCF 4NHtAsF6 ' and 4-RC5 F4N-XeFt AsF6 " as determined by NMR spectroscopy (Table

3). Removal of HF solvent by pumping at -50 'C resulted in white solids which

Raman spectroscopy at -196 0C also showed to be mixtures of 4-RC5F4N-XeF÷AsFj-,

XeF 2 and 4--RC5 F 4NH4AsF 6 .

An alternative approach, which led to isolation of the Xe-N ',onded

cations, allowed stoichiometric amounts of XeF. and the perfir'.oropyridinium

cations, as their AsF4 - salts, to react in HF and BrF5 solvents at -30 °C

according to equilibrium (12).

XeF 2 + 4-RC5F4NHAsF,6 ------- 4-RC5 F4N-XeF÷AsF6 - + HF (12)

The equilibria in both solvents were monitored by '29Xe, 19F and "4N NMR
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spectroscopy. In the case of BrF5 , formation of 4-RCF 4N-XeF+AsFj- was strongly

favored over that in BF solvent; the equilibrium ratio (4-RC5 F4N-

XeFt ]/[4-RC5 F4 NH4 ] being 0,25 and 2.1 in HF and BrF5 solvents, respectively,

at --30 'C for R = F and 3.7 for R = CF 3 in BrF5 at -50 0C (Kv = 4.5 at -30 OC

and KY. = 13.6 at -50 *C in BrF5 for equilibrium (8)). Consequently, removal

of BrF5 solvent under vacuum at -30 CC yielded white solids corresponding to

the salts 4-.RCsF 4N-XeF 4AsFJ-. The CF..-derivatives substituted at the 2- and 3-

positions have also been synthesized from the their perfluoropyridinium salts

in BrF5 solvent and characterized by NMR spectroscopy (6(' 9Xe), -1899 and

-1877, respectively) (37).

The interaction of liquid s-trifluorotriazine, s-C 3N3 F3 , with XeF4 AsF,- at

room temperature for three hours followed by removal of excess s-

trifluorotriazine under vacuum resulted in a white powder which is stable

indefinitely at room temperature (9). The combining ratio XeF4AsF-:

8-C3N3F3 = 1.00 : 1.00 is consistent with equation (13)

XeF4AsFC- + s-C 3 F3N3 --- > s-C3F3N2N-XeF4  (13)

Both the 19F and 121Xe NMR findings (Tables 3 and 4) for the salt dissolved in

BrF5 and HF solvents are consistent with the cation formulation given by

Structure II. The 1'Xe NaR spectrum recorded in BrFs at -50 0C consists of a

FA+
F---\ --- N-Xe -F As Fr-

L iF

II
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doublet arising from Ij (129Xe--19F) = 5932 Hz. The 129Xe-14N coupling is quadrupole

collapsed, as has been observed previously for 4-CF3-C 5F 4N-XeF tAsFJ- and C5F 5-

XeF+AsF 6 - in BrF5 at low temperatures (39). In HF solvent, however, 'J("'Xe-' 4 N)

- 245 Hz was observed at -5 0C and compares favorably in magnitude with those

reported previously for the related perfluoropyridine cations (235 - 238 Hz) .

The 19F •4MR spectrum shows two F-on-C enrironments in the ratio of 1:2 and a

F-on-Xe(II) environment with accompanying . 29Xe natural abundance (26.44%)

satellites arising from iJ(' 29Xe-19F) and a 1:2:1 triplet arising from 4J(F,-F 2)

- 10.9 Hz. The latter coupling has also been observed for the

perfluoropyridine cations 4-CF 3-C5 F4N-XeFt (25A. Hz) and C5 F5N-XeFt (25.0 Hz)

(39).

The reaction of XeF 3"SbFs- with s-C 3F3N3 in BrF5 solvent at 20 0C fails to

give CF 3 N2N-XeF 3÷ (57). Rather, reduction of Xek(-V) to Xe(II) occurs according

to equation (14)

2XeF3+SbrF6- + 3s-C3 F3 N -- > s-CF3 N2N-XeF' +

F F

N N

F F

The Lewis Acid Properties of the XeOTeF.÷ and XeOSeF,÷ Cations. More recently,

this work has been ext'anded to the Lewis acid properties of the noble-gas

snm-n 4 --- a + o-sn v-7% -I- +t Wnnt t.I ... - ~ -. -- I
t~a~aj~aaCJL2L "aAtA 4%tJUCL -,.JC Ij I, . .LAA ~ ~~ L.aL=AAA wLa.t w

unknown, was prepared according to equations (15) - (17)
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2SeOF 2 + 3XeF 2 --- > Xe (OSeFb) 2 + 2Xe (15)

Xe (OSeF5 ) 2 + XeF 2  > 2FXeOSeFs (16)

AsF 5 + FXeOSeF5  > XeOSeF.5 AsF46- (17)

While the XeOMF5 ' cations (M = Se, Te) are expected to be weaker Lewis acids,

they are expected to be less strongly oxidizing than NgF+ cations, and have

been shown to form stable adducts at low temperature with several organic and

inorganic nitrogen bases leading to the first examples of O-Xe-N linkages

(Table 6).

Although the s-CF3 N2N-XeOMF t+AsF6- salts were successfully prepared near

room temperature by reaction of the neat compounds (equation (18)), other

potential organic ligands such as nitriles and pyridines are vigorously

oxidized by XeOMFs÷ cations when these reactions are attempted in the absence

of a solvent under similar conditions.

XeOMF.+AsF,- + s-CF1 N3  - > F3MO-Xfr-IN 2C3F3 +AsF- (18)

To partially address this problem, XeOTeF 5+S6(OTeF,)j" was synthesized and is

the first fully substituted OTeFs salt preparad to date (57). The salt was

prepared in S0 2ClF using the redox synthesis described 1y esvation (19).

2Xe(OTeF5 ) 2 + Sb (O!eF5 ) 3 --- > XeOTeF,+Sb(OTeF 5 ) j- + Xe (19)

It was shown that the decreased polarity of the Sb(OTeF,)j- anion relative to
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AsF," anion facilitated solubility in S0 2ClF at low-temperatures and was foujLid

to be soluble in high concentrations down to the freezing point of the

solvent (-124 °C). This synthetic approach allowed the formation of adduct

species with XeOTeF5 + and representative members of the series of nitrogen

bases, i.e., acetonitrile and pentafluoropyridine, at low temperatures and

under non-solvolytic conditions in a low-polarity solvent (Table 6 and ref.

(57)) . Low-temperature "9F NMR studies show that the XeOTeF.' cation possesses

sufficient Lewis acid strength to coý -dinate to SO2CIF (57). The only other

known examples of adduct formation with the weakly basic SO2ClF molecule have

been reported for SbF. and AsF. at low temperatures (58), suggesting that the

ability of the XeOTeF5 + cation to coordinate with the weak electron donor,

SO2C1F, is a consequence of the weak coordinating ability of the Sb(OTeF5 )s

anion. Removal of excess So 2CiF from these solutions under vacuu' alt 25 0C

results in the 1:1 adduct salt, F5 TeOXe-OSOClF+Sb1,OTeF.),,- which slowly

dissociates upon further pumping -a room temperature (57). In addition,

Bi(OTeP,) 5 and Et 4N+M' (OTeF 5 )6- (M' = Sb or Bi) were also synthesized and

characterized by 12 1Sb, 209Bi, 19F and 125Te NMR (57) . Prior to these studies only

the As (OTeF5 ) . and As (OTeF5 ) 6 - had been reported (59).

Noble-Gas Cation Adducts with InorQanic Bases. The synthesis of N=SF 3 Lewis

acid-base adducts with the noble-gas cations XeF+, XeOSeFs+, and XeOTeF 5+ have

also been investigated (38). Several synthetic approaches have been used

(equation (19)).

XL+A'F- + Ii=F 3  > L '_SF36 3,F0
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where L = XeF÷, OSeF.5 and the solvent was BrF5 at -50 OC. In addition, solid

SF-Xe-N-SF 3 AsF6 - has been synthesized by the direct interaction of liquid N=SF3

with solid XeF÷AsF6-. Structures have been characterized using primarily 19F

and "'29Xe NMR spectroscopy (Tables 3, 4 and 6) in solution and by low-

temperature Raman supctroscopy in tne solid state (Table 4).

The solvolytic behavior of the F3S=-N-XeF÷ cation has been monitored in

anhydrous HF (38). Two successive additions of HF occur across the sulfur-

nitrogen bond to give the F4S=N(H)-XeF÷ (Structure III) and FS-N(H2 )-XeF+

(Structure IV) cations. The '29Xe NMR spectrum of the SF, derivative shows that

this xenon is the most shielded 129Xe environment (most covalent Xe-N bond)

observed for a xenon-nitrogen bonded species (Tables 3 and 4). Moreover, the

F5S-N (H2) -XeF÷ cation represents the first example of a bond between xenon and

an sp 3-hybridized nitrogen. More recently, the tellurium analog has been

prepared in HF and BrF5 solvent at -45 and -50 0C, respectively, (40)-

according to equation (21).

F.TeNH3÷AsF6- + XeF2  > F.Te-N (H2) -XeF+AsF 6 - (21)

F + F +

Xe Fx Xe FB

A I A

\N ! FH- I N ,,,,i.. F A
A, Vi F 'Bq.A I

H FF

III IV

33



BONDING CONSIDERATIONS

The Ng-N bonds described in this Review may be thought of as classical

Lewis acid-base donor acceptor bonds. Implicit in this description is a

considerable degree of ionic character for these weak covalent bonds, which

is a dominant feature of their stability. This premise has been supported and

further illuminated by several theoretical calculations on HC=N-NgF÷ cations

(Ng = Ne, Ar, Kr, Xe) and spectroscopic measurements on a wide range of XeF+,

KrF÷ and XeOMF.÷ adducts of nitrogen bases in which the formal hybridization

of nitrogen ranges from sp, sp2 to sp3 .

Spectroscopic Findings. The reaction of the gas phase NgF÷ ions with F- to

yield the difluorides results in increases in the calculated Ng-F bond-

lengths of 0.1 K, while their reaction with HCmN causes the same bond lengths

(calculated) to increase on averagx iy only 0.016 k (41). There is a

correlation of Ng-F bond length and the Ng-F vibrationel frequency with the

base strength of the ligand attached to NgF÷. This is illustrated by the

examples shown in Table 4. The NgF÷ species are only weakly coordinated by a

fluorine bridge to the Sb 2F•- anion, providing the highest Ng-F stretching

frequencies (Xe, 619; Kr, 624 cm-') while the interaction of XeF÷ with N (SO2F) 2

is representative of a much stronger covalent interaction and provides the

lowest Xe-F stretching frequency observed to date for a covalent derivative

of XaF. (506 cm7') (3). The C-N bond of HCaN is calculated to shorten by -0.05

A on forming the adduct, while the C-H bond is calculated to lengthen by

0.008 K (41). These predicted changes in bond length also correlate with the
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shielding (more negative chemical shift) with a transfer of negative charge

to Xe and, hence, with increased covalent character of the Ng-L interaction

(increased ionic character of the Ng-F bond) (31-33). The F 4S=N (H) -XeFt , F5 S-

N (H2) -XeF+ and F5Te-N (H2) -XeF÷ cations are characterized by the high shieldings

of their 129Xe nuclei and the absence of lJ(129Xe-L9F) arising from fluorine

exchange with the solvent (Tables 3 and 4). The NMR findings are consistent

with a strong covalent bonding interaction between xenon and nitrogen with a

commensurate increase in Xe-F bond lability and ionic character and may be

conveniently represented by an increased contribution from valence bond

Structure VIII and/or by deprotonation upon adduct formation to give the

neutral derivatives F 4S=N-XeF, F5S-N (H) -XeF and F.Te-N (H) -XeF, which may be in

equilibrium with the cations in HF and BrF5 solvents. Whatever the precise

nature of the nitrogen bonded ligand may be in solution, these Xe-N bonded

derivatives represent the most covalent Xe-N bonds synthesized to date.

Quadrupolar nuclei in noncubic environments generally yield poorly

resolved one-bond coupling patterns in their NMR spectra due to quadrupolar

relaxation effects (36). In spite of the low symmetries about the nitrogen

atoms in the cations investigated to date, the 14N NMR spectra frequently

show well resolved and only partially quadrupole collapsed scalar couplings,

iJ(1 29Xe-14N) (and lJ( 14N-13C) in the case of HC=N-XeF+; Tables 2, 3 and 5). In

prior studies of the imidodisulfurylfluoride derivatives of xenon(II)

(3,4,6), the lack of cubic symmetry and the small electric field gradient at

"14N in the trigonal planar -N(SO 2F) 2 group necessitated '5N enrichment in order

to observe xenon-nitrogen scalar couplings and nitrogen chemical shifts in

FXeN(SO2 F) 2 (3), XeN(SO2F) 2÷ (6), Xe[N(SO2F),] 2 (4) and F[XeN(SO2F) 2]12  (4)

cations in SbF5 , BrF5 and SO2ClF solvents. The extent of minimal quadrupolar
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relaxation via a reduced electric field gradient has been examined

theoretically for HC•N-NgF* (Ng = Kr, Xe) by calculating the field gradient

at the nitrogen nucleus and comparing it to that in isolated HC=N (41).

Relative to free HC=N, the principal component of the electric field gradient

tensor in the H -4 N direction, is halved upon formation of both HC=N-XeF÷ and

HCEN-KrFt and is in agreement with the fact that 1J( 129Xe-l"N) can be readily

observed under conditions favoring low molecular correlation times. The

electric field gradients at the Xe nucleus in XeF÷ and HC=N-XeF÷ have also

been calculated (41), and differ by less than 7%, a result in agreement with

the experimental observation that the quadrupolar splitting observed in the

12 9Xe Mossbauer spectrum of HC=N-XeF÷ (40.2 ± 0.3 mrm/s) is, within experimental-

error, the same as that obtained for the salt XeF+AsF," (40.5 ± 0.1 mim/s) (60).

The difference in the magnitudes of 'J(129Xe--5N) in HC=N-XeF÷ (471 Hz)

(34) and FXeN(SO2F) 2 (307 Hz) (3) may be discussed using a previous assessment

of the nature of bonding to xenon in solution for FXeN(SO2 F) 2 where the Xe-N

bond of FXeN (SO 2F) 2 is regarded as a a-bond having sp 2 hybrid character

(3,4,6). In high-resolution NMR spectroscopy spin-spin coupling involving

heavy nuclides is, with few exceptions, dominated by the Fermi contact

mechanism (61). For Xe-N spin-spin couplings dominated by the Fermi contact

mechanism, one-bond coupling constants can be discussed on the basis of the

formalism developed by Pople and Santry (62). In discussions of xenon-

nitrogen scalar couplings in xenon(II) imidodisulfurylfluoride compounds (6),

the s-electron density at the xenon nucleus was assumed constant and a change

in the. hybridization at nitrogen accounted for changes in xenon-nitrogen

spin-spin coupling. Even though the Xe-N bond is markedly less covalent in

the hydrocyano cation than in FXeN(SO2F),, the lJ('-29Xe-' 5 N) values observed for
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EC-=N-XeF÷ are substantially larger than for xenon bonded to the trigonal

planar nitrogen in FXeN(SO2F) 2 (Table 3). The dependence of xenon-nitrogen

spin-spin coupling on nitrogen s-character in the xenon-nitrogen bonds may

also be invoked to account for the relative magnitudes of the scalar

couplings. A comparison of IJ(' 29Xe-1 5N) for HC=N-XeF÷ with that of the trigonal

planar sp2 hybridized nitrogen atom in FXeN(SO2F) 2 illustrates this point and

allows assessment of the relative degrees of hybridization of the nitrogen

orbitals used in a-bonding to xenon. The ratio, [1J(129Xe-1 5 N) ,J]/[LJ(' 29Xe- 1 5N) ,P2 ]

1.53, for the HC=N-XeF÷ cation and FXeN(SO2F) 2 is in excellent agreement with

the theoretical ratio, 1.50, calculated from the predicted fractional s-

characters of the nitrogen orbitals used in bonding to xenon in both

compounds.

The formal s-character in the Xe-N bond of other adduct cations, for

which either 'J(' 29Xe-14N) or 'j(1 29Xe-1 5 N) are known, can be related to the-

reduced coupling constant, 'K(Xe-N), thus eliminating the effect of the

different gyromagnetic ratios of "N and 15N on the magnitude of the scalar

coupling (6,62). A comparison of 'K(Xe-N) of XeF÷ adduct cations with nitrogen

bases and of xenon(II) derivatives containing the N(SO2 F) 2 group is given in

Table 3. In general, 'K(Xe-N) values occur in two discreet ranges

corresponding to the formal hybridization of nitrogen, sp or sp 2 . There are

presently no measured values for xenon coordinated to an sp 3 example, even

though the F5 S-N(H2 )-XeF÷ and F.Te-N(H 2 )-XeF÷ cations are known (see Structure

IV), owing to quadrupole relaxation of their 'J(12"Xe-"N) scalar couplings.

Theoretical Calculations. In order to better characterize the nature of the

Ng-N bonds in HC=N-KrF+ and HCmN-XeF+, their syntheses and spectroscopic
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measurements have been complemented by several theoretical calculations on

the HCEN-NgF' (Ng = Ne, Ar, Kr or Xe) cations (41,63--66).

Theoretical investigation of HC-N-KrFt and HC=N-KrF÷ at the SCF level

using the theory of atom3 in molecules (41) has shown that the ability of KrF4

and XeFV cations to act as Lewis acids is related to the presence of holes in

the valence shell ( . "l. concentrations of the uoble-gas atoms that expose

their cor.s. The mec(,.A.. .m of formation o' the Ng-N bonds in the adducts of

KrF' and Xeb' WxAI HC=N is similar to the formation of a hyUIog&an t. nd, i.e.,

the mutual penetration of the outer diffuse non-bondea dansities of the Ng

and N atoms is facilitated by their dipolar and quad=cupolar polarizat ions,

which r(cmove density along their axis of approach, to yield a final density

in the interatomic surface that is only slightly greater than the slum of the

unpexturbed densities (Figures 3 and 4). Thus, not surprisingly, -the KrF÷ and

XeFr catiozns are best described as hard acids. The energies of formation of

those adducts are dominated by the large stabilixations of the Ng atoms that

result from the increase in the concentration of charge in their inner

quantum shells. The Ng-N bonds that result from the interaction of the

clo!4,ad-shell reactants KrF4 /XeF' and HC-EN lie closer to the closed shell limit

than do bonds formrd in the re.,action of Kr•*/XeF4 with F-. The calculated gas

phase enorgies of the reaction between the cloned--shell species are -136.0

and k144.3 cJ mo!-' for Ng = Kr and Xe, respectively, for

I1gF 4 + RC=N --- > EC-N--gF (22)
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Figure 3.

(a) Contour map of the charge density in the adduct HCsN-Krr' showing the bond paths and the
interasctlon of the interatomic surfaces. Bond critical points arc denoted by black circles.
Note the near planarity of the Kr-N interatomic surface, which in also a characteristic of a
hydrogen bond. The outer contour value is 0.001 au. The remaining contours increase in value in
the order 2 x IV, 4 x 10, 8 x 10' with n starting at -3 and increasing in steps of 1 to give
a maximum contour value of 20. (b) Contour map of the Laplacian distribution for HCnN-Krr. The
positions of the nuclei are the same as in part (a). Solid contours denote positive and dashed
lines denot, negative values of Vzp. The magnitudes of the contour values are as in part (a),
without the initial value of 0.n01 au. (C) A relief map of -'Vp. A mazimum in the relief map is
a rsxiwa in charge concentration. If the inner spikelike feature at its nucleus is counted, the
Kr atom ezxibits four alternating regions of charge concentration and charge derletion
corresponding to the preasnce of four quantum shells. Note the absence of a lip on the N side
of the Kr VSC; demonstrating the presence of a hole in its outer sphere of charge concentration.
Contract the localized, atomic-like nature of the Zaplacian distribution for the F and Kr atoms
with tha continuous v&lence shell of charge concentration enveloping all three of the nuclei in

HMNmI~nri ntmA with nr-ri j5Rif f roým ref-a (Al'I I
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F Kr N C H

Figure 4.

Zero envelopes of the Laplacian distributions (V2 p - 0 for. all points on the surface) for
isolated Krr and EC•N shown aligned for adduat formation and shown to the sam scale. The
separation between" Uurn RA. auad Nt flC 4iz 5.0 ý l V-- -a ... jns nf tbha USCO of the Kr atom is
a belt of chargo concentration, and the diagram clearly illustrates the exposure of its
penultimate spherical shell of charge concentration--the core of the krypton atom. The diagram
also contrasts the interatomic nature of the charge concentration in aCN with its pronounced
intraatomic form in Krr. (Reprinted with permission from ref. (41)).
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and -874.5 and -886.6 kJ mol-1 for

NgFt + F- F-Ng-F (23)

The molecular structure and force field of HCEN-KrF÷ have also been

calculated at higher levels of theory (Tables 7 and 8 and ref. (63-66)). The

incorporation of electron correlation is necessary to describe satisfactorily

the structures, stabilities and vibrational frequencies. The force field has

been calculated, and the cation is predicted to be linear. Reasonable

agreement with the two observed vibrational Raman bands in the solid tas been

found in all four sets of calculations. The stretching mode leading to

dissociation into KrFr and HCEN was calculated to be near 200 cm-' (66). The

KrF and HC-N fragments in the complex have geometries similar to those for

the isolated molecules (Table 8): the Kr-N bond distance is predicted to be

relatively long, 2.18 - 2.32 A (cf. sum of Kr and N van der Waals radii; 3.4

A), the Kr-F distance in the adduct is predicted to increase by only 0.0 -

0.13 A relative to that of KrFt . The HC=N-KrF÷ cation is predicted to be bound

by 130.1 - 176.1 kJ mol-1 with respect to KrF* and HCSN at tigher levels of

theory (cf. 126.4 - 136.0 kJ mol-1 at SCF level) with zero-point energy

corrections (63-66).

All four of the calculated results are consistent with an ionic and a

covalent component in the bonding of KrF* with fC=N, i.e., the fragments are

c-bonded with a high degree of ionic character. The Kr-N bond is the resnlt

of a donor-acceptor interaction between the sp-lone pair on N and tho empty

a' orbital on KrFt . In the study by Dixon and Arduengo (66), the molecular

orbitals and bonding are analyzed in terms of hypervalent bonds. Their
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Table 7. Bond Distances (A) for Optimized Geometries tor KrF÷, HC-N and

HC-N-KrF÷

Species r(C-H) r(C-N) r(Kr-F) r(Kr-N) Ref.

KrF÷ 1.697 66

1.752 72

HC=N 1.057 1.126 66

1.064 1.156 73

HC-N-KrF÷ 1.065 1.122 1.709 2.320 66

.I 1.748 2 307 41

1.067 1.168 1.707 2.313 64

1.073 1.129 1.772 2.183 64

1.076 1.175 1.83 2.281 63
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results indicate that the bonding between Kr and N is not a simple covalent

Y-bond but is best described in terms of three-center and four-center

hypervalent bonds, where both types of hypervalent bonds are needed to

describe the covalent a-bonding in HC=N-KrF". The charge distribution for

RCi=N-KrF+ shows some transfer of electronic charge from the carbon to the KrF*

region, consistent with a contribution from the resonance structure

H-*C=N-Kr-F.

High-level ab initio calculations (65) also predict that the HC=N-ArF+

cation is a stable argon-nitrogen bonded species with a heat of association,

-160 kJ mol-3, corresponding to equation (22), which is comparable to that of

the observed krypton analog (-157 kJ mol-1). These results, together with

another rectnt high-level theoretical calculation which estimates the

electron affinity for ArF+ to be 13.66 eV (11) suggest that HC=N, with its

high first ionization potential (13.59 eV) (13), may be oxidatively resistant

enough to withstand the formidable electron affinity of the ArF' cation. The

synthesis of the HCEN-ArF* cation is likely to require the ArF+ cation, which

is axpected to be an oxidizer of unprecedented strength, if and when it is

synthesized. Reactions analogous to those given in equations (3) and (5)

involving ArF2 are not feasible, as ArF2 is predicted to be unbound (11). The

synthesis of ArF÷ is in itself, formidable and will entail the use of a

counter anion which is capable of withstanding its high electron affinity

(11).

At the correlated level, the HC=N-NeF+ cation (65) is found to be an

unstable species, dissociating spontaneously to EC=N-Ne+ + F, where the HC-N-

Ne+ fragment is itself a weakly bound species having a binding energy of only

6 kJ morl-.
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EPILOGUE

The gap resulting from the syntheses of the first examples of Kr-N bonds

(8,9) and the previous existence of several examples of Kr-F bonds (KrF 2),

KrF÷ and F(KrF) 2
4 (42)) has prompted the reinvestigation of the possibility of

forming the first Kr-O bonded species (67). Using 15F and 170 NMR spectroscopy

of 70 enriched samples, it has been possible to document the formation of the

first Kr-O bonds by the synthesis and decomposition of thermally unstable

Kr(OTeF5 )2 according to equations (24) and (25).

3KrF2 + 2B (OTeF%) 3 -- > 3Kr (OTeF.) 2 + 2BF, (24)

Kr(OTeF) - > '"r 4. F5 TeOOTeF, (25)

The syntheses of the first examples of xenon bonded to aromatic rings;

n-CF3 C5 F4N-XeF+ (n = 2, 3, 4) (37,39), CsFsN-XeF+ (39), C5F5N-Xe-OTeF 5+ (57), s-

CF 3 N2N-XeF÷ (9) and s-C3 F3N2N-Xe-OTeFs÷ (57) have recently been complemented by

the first documented case of xenon bonded to an aromatic ring through carbon,

namely, the C5F5Xe+ cation (70-72). While the aryl group of the C0F 5Xe+ cation

serves to reduce the electron density at Xe(II), as evidenced from the

extreme low-frequency position of the '29Xe chemical shift (-3769 ppm relative

to XeOF4 in CH3CEN solvent), the '29Xe shieldings in the s-trifluorotriazine

and perfluoropyridine derivatives are less than in the carbon analog and may

in large part be associated with the electron-withdrawing character of the

-Fl nrtr4 nn, nn an^nn T~h An ar^'*rre~n Aonnating chratn VIrt!%e -' ^F 4-- haV I# niterogn

heterocycles relative to HC--N and RC=N in the XeOTeF 5' and XeF÷ adducts is,
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however, apparent from the higher ' 29Xe shieldings in the former (Tables 3 and

4). The crystal structure of the CFsXeQ" (C6F 5 ) 23F 2- shows the Xe-C distance

(2.092(8) A) (72) is comparable to the I-C distance in C6Fs5 (0 2CC6F )2 (2.072(4)

) �(73). Coordination of CH3C=N with the CsF5Xe÷ cation serves to lower the

effective positive charge at xenon by corrdination to the nitrogen of CH3C=N,

to give an Xe"N contact of 2.681 A, that is significantly shorter than the

sum of the van der Waals radii for Xe and N (3.6 K) and substantially longer

than in the Xe-N(SO2F) 2, (2.02(1) A) (6) and FXe-N(SO2F) 2 (2.200(3) A) (3). The

Xe-N bond in C5F 5Xe-N=CCH3 ÷ is clearly weakly covalent and can be described in

terms very similar to those used to describe the XeL÷ adducts considered in

this Review.
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Fluoro~ntrilexenon~ia) Cations, RC.-N-XeF-1 AsF6- (R = H, CH 3, CH2F, C2H5, C2Fs, C31F7,
OF CAF); Novel Examples of Xenon-Nitrogen Bonds and 129Xe-13C, 129XeX-'H, and
129Xe-14N Nuclear Spin--Spin Couplings
Adel A. A. Emnata and Gary J. Schrobilgen*
Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M1, Canada

A now class of Xe-N bonded compound results from the interaction of the electron lone pair of a nitrile with the
Lewis arid, XeF,; the cationic adducts, RC=-N-XeFr, have beer, cerived from the irteraction of the app.-opriate nitrile
with either XeFAsFr6 - or Xe2F3 +-Asr6- in anhydrous HF at !ow temperature and chat acterized in the solid state by
Raman spectroscopy (for R = H and Me) and in HF solution by 1.

29Xe, 19F, 14N, 13C, and 1H n.m.r. spectruscopy.

H-erein we report a new ligand group for xenon which is Multinuclear magnetic resonance spectra were recorded for
bonded to thc noble gas atom through nitr igen. In choosin~g a the nitrile cations in ' I F M'cl~nt and in the case of the I-H and
likely ligand precursor for a Xe-C or Xe--N bond, the very iýJXe n.m.r. spectra of the H--C=N-XeF* cation, in BrFi
weak protonic acid HCN, was considered and initially found to solvent. As every element in the RC=EN-XcFl cations studied
be: unrc~ictive toward,; XejF, in SO :CIF it room temperature possesses at least one n'iclidlewhich is!suitable for observation
by the usual HF displacement to give the Xe-C and Xe-N by n.m.r. spec:roscopy. n.rn.r. studies using both naturallN
borideu CIompounds. FXe(CN) and Xe(CN):. Although the abundant and 13C enriched compounds were undertaken and
Lonventional 1-11F displacement is not a %iable route to have provftled unambiguous proot for the structures of a
xenon(iI) cyanides and isocyanides. we have found that HCN. majoriqv of the cations in solution (Table 1). In the case of
and nitriles in general, behave: as nitrogen bases towards the HC=N-XeF*-, the cheriical shifts of all five nuclei and eight of
XeF+ cation. the ten possible spin-spin couplings that have been observed

The reaction% of XeF-AsFF, and XecF,,AsF,j- with VICN. are listed in Table 1. The IYJXe. 14N. '1C. and ilH spectra are
CII CN. CHr-ICN- Q IC,)tN. CQFXN, CF-,CN. and CFýCN illustrated in Figures I and 2. The couplings, 1f ' 2'Xe-1 4N).
were carried out by combining stoicheiometric amounts of the 2J(QY2 Xe- 13C). and 31J( '2 'Xe-'H). represent the first examples
reactanuts in anhs'drou% 11F ttnd warming to -2t) to -1l 0 '( to of nuclear spin-spin couplings observed between these
effect reaction and dissolution in the solvent (HC:N reactions nUCiides. Owing IV ilit: L 'll 11,dIICal symirrctr ufcC--X,!
Wcre also conducted ii SOClF solvent). The reactions moiety in the new cation series, low viscosity of the HF solvent
p~roceed according to equations (1) and (2). medium,. and the small quadrupole Moment Of 1

4 N. quadru-
pole relaxation c , the 12"Xe- 1'N coupling is found to he

Xel-AsI ,- + RCaN,: - R(i'_N-XeF*AsF,- 11) minimal giving rise to sliphtl%- quadrupole collapsed I 1:1ý
()(2) triplets in the lz"Xe spectra and I:"Xe satellites in the 'IN

spectra (Figuires I and 2). The similarities of 'J(12`Xe--I'Ni)
Xe1F3- Asi,j-, + 0I- (2) + XeF, (2) and 'J( `1Xe-i'F) value-, to thosc ',he 1IC=aNXf--e cation
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(a) . ~
1000 P() 1000 Hz

-1500 -1550 -1600
6 J9 Xe),'ppm from XeOF4 (b)

(b) 10 Hz (lJ___________

i4
S-1650 -1700 -1750

. 5,•.c2Xe)/pprn from XeOF -

500 550

6( 1H) /ppm Irom MeSSn (C)

Mc)500 Hz

(ci 100 Hz1
,I,

6 (' C)/pprri from Me451
I_ , I I

Figure 1. N.m.r. spectra of 1iC -N--XeF-AsF ,-: (a) 129XC spectrum ( 230 r e00

for a 99.2% '"C enriched sample recorded in HF olvent at - 0'C;)
(b) 'H spectrum for a natural abundance sample recorded in lirF5
solvent at-58

0
C at 1.879t0 T: (c) "1C spectrum for a 99.2% "C Figure 2. N.m.r. spectra of CHIC-_N-XeF1AsF,- recorded in HF

enriched sample recorded in HFat -10 0
C. Asterisks () denote 12aXe solvent at - 10*(C: (a) and (b) are IVXe spectra, where (a) is natural

satellites, abundance and (b) is 99.7% '1 C enriched at the 2-carbon; (c) natural
abundance 'IN spectrum. Asterisks (*) denote '29 Xe satellites.

also allow analogous structures to be assigned to the alkyl-,
fluoroalkyl- and pentafluorobenzonitrile cations.

The observation of 'J(12 Xe-,N) in both the itN and 129Xe xenon. The ratios of ['K(Xe-N)],p to ['K(Xe-N)],p2 are
spectra is particularly noteworthy and provides conclusive 1.42--1.53 for the cations listed in Table 1. in excellent
proof that in each case the nitrogen atom is directly bonded to agreement with the theoretical ratio, 1.50, calculated from the
xenon. This is confirmed by comparing their respective predicted fractional s-characters of the nitrogen orbitals used
reduced coupling constants. t K(Xe-N) (calculated using the in bonding to xenon.
expression given in refs. 1-3; (see Table 1), vwth that of In the case of the perfluoroalkyl derivatives (R = C2F5 and
FXeN(SO 2F)2 I'J(' 29Xe-' 5N) 307 Hz; !K(Xe-N) 0.913 x 10-22 C3 1F7), the Xe-N bonds are found to be labile on the n.m.r:
NA- 2 in-.].' In addition, the small value of the .'-coupling, time scale in HIF solvent at temperatures down to -30'C as a
'9"Xe.-' 3C, observed for the 13C enriched sample of result ot a decrease in base strength for R(-=_N: with increasing
H-C-N--XeF 1, and a one-bond IC-l I coupling, also confirm fluorine substitution at C-2.
that the xenon atom is not bonded to carbon in this species. The salts ttC=N-XcFAsF,- and CI 13C-bI-XeF-As7,,-

Assuming that the Xe-N spin-spin couplings in xenon- were isolated fromn HF solvent by pumping the solutions under
nitrogen compounds are dominated by the Fermi contact vacuum at -50 to -3(10 C to give white solids whose Raman
term. a comparison of iK(Xe-N) values for R-C=_N-XeF+ spectra were recorded at -196°C (514.5 nm excitation). T he
with Ihat of the trinonal planar spz-hybridised ntrogen atom in Ramanspectrum of '!C--N-XeF AsF,- was assigned in detail
FXCN(O,1-F),t alIn1,s assessment of the relativc degrees of while only key frequencies of CII,C-N-XeF+AsF,,- have
hybridisation for the nitrogen orbitals u:,,ed in bonding to presently been assigned. In addition to the three Raman active
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Table 1. N.m.r. parasmeters- for RC=-N-XcF, catoion,

Chemical shifts"

Hd - 1552 -198.4 -235.4 104.1 6.0
-1569ý 5.67'

CH-IF - 1541 - 198X. 4(Xe F) -229.2 5.44
-241l.7 (CF)

Cl-, - 1708 18l5.5 -251 .1 1 15. 3 ((N)'; 2.41
0.6 (( H,)h

C2 Hý -1717 -184.t6 -251.9 1. 29 (C13)
2.80 (CH 2)

CýF,--1426

Coupling Constants'

H(=N'-XcF' CflFC'=N-XcF C-H ,caN'-XýF-gC 14&C'N-XcF- :, ZNXF
IJ(12tjXcIJN) 334 333 313 311
IJ (l2'1XLe..AF( 0145)f~l681) 0163 N120 oMi7 6(

VJ('3C-1H) .108 1-t1

-If(IYF.1H1 44

lJ 12-Xc-1H) 26 8
V 1F11) 18 19

VJt'IH-1'H) 7.5
-41(IYF- IH) 216
SK (Xe- N) 1.393 X 1021 1.399 x 1022 1 305 y 1022 1.297 x UP-;

Spectra were recorded in anhydrous HF at -Il0'C using 9 mmn ad. FEP sample tubes at 5.8719 T, and spccrromcter frequencies (MHz):
'2'Xe 69.563, 19F 235 361. '-IN 19-075. '1C 62.915. 'H 2501.132. h SampIcs %yerc referenced externally it! 24'C with respce;r to thc necar
liquid references: XcOF, ('29Xe). CFCl, (19F). CHNO, (14N). SiMe4 (''C Lind 1H). A positive chemnical shift denotes a resonance occurring-
to high frequency of the reference compound. ,All "'IF spectra displayed a b~road saddle-shaped fca~ure at ca. -68 p~pm. arising from the
partially quadrupole coflapsed 7 sAs-'5 F coupling of the octahedral AsF,. anion. d Sample prepared fro-n 99.2% ''IC enriched Wl''N
IMeasured in BrF5 solvent at -58 0 C; the iJPiNXe_14 N) coupling was found to be completely quadrupole collapsed under these conditions.

Thie sample was prepared by redissolving solid 4-CEN-XeFAsF,,- prepared in HFP solvent, in BrF, at -50TC. I'Measured in a 5 mm
o~d. precision glass tube in BrF5 solvent at -58 *C. at 80.022 MI-z (l.81790' T) for ' H. I tw sample was prepared hy redissolving solid
HC=-N-XeF*AsF 6 -, preparcd in HF solvenit, in Brff at -50*C. itSample prepared from 9J9% ''V enriched CH~iICN. 1, Sample
prepared from 99.7% "3C enriched '3CH3CN. 1Decomposition occurred at - 10 to --20' 0C. preventing fuller characterisation. 1 i values
in Hz-, K values in NA --2m

modes consistent with an octahedral AsF,- anion at 679(fi0). Additional examples of nitniles arid other inorganic and
vi(al.); 581(13), vz(e.); 371(15). vdst28 ) cm-1; and the organic nitrogen bases are tinder active binvstigtiron a%
formally Raman inactive modes vi(t1i,) at 691.(12) and V4 0ri.) potential electron-pair donorN towards noble gas-cations. as
at 244(1), 269(6). 280(14) cm-1; the most prominent features well a% representative X-ray crystal str~.ctures containing thie
of the linear HC=aN-XeF+ cation spectrum are the factor- RCý-N-XcF' cations.
group-split CsN stretch at 2159(4 1) and 2163(18) cm- I and at This research was sponsored by the United Slates Air I orce
pair of intenst lines at 559(100) and 569(94) cm-i assigned to Astronautics Laboratory, Edwfirds Air Force blast., Californija
the factor-group-split Xe-F stretch. 13C enrichment (99.2%) .(Contract F49620-97-C-01349) and a Natural Sciences and
confirms the assignment of v(G-=N) (isotopic shift. 31.6 cm-1) Engineering Rescarch Council of Canada (N.S,1E.R.C.C.)
and the split, doubly degenerate bend b(C_=N--Xe) at 327(4), operatirng grant.
334(2) cut-' (isotopic shift, 5.5 crn'; also cf. the ?'1-C-I bend
in ICN at 30i4 cm-i). 4 A low-frequency shoulder on v5 of the Received, 91h Junie 1987; Corn. 797
anion at 368 cm-1 was tentatively assigned to the Xe-N stretch
(cf. v(Xe-N) of FXeN(SO 2F)2 at 422 cm- I)' and a wleak band
at 3141(4) cm-1 was assigned to v((- -H) (cf. the C-H Reforences

sitcti-Oiiis tli4uca.iy 01 gaicuus AI-..Ei, .ýJ iiLA.111 A 11 . an S -- -- *----* . -.

remaining features were assigned to the doubly degenerate Chem., 1982, 21, 4tKA,
bends h(F-Xc.-N) [116(33), 133(10), 157(5), 181)(2) cm-il and 2 G, A. Suliumacier and G. J. Schirtbiligeni. Inrg. Chemi- 198l3. 22.
b(H-CE=N) [706(1) cmil1. Preliminary assignmenrts of some 2178.
key frequencies for the CH 31U=N-,XeF1 cation spectrum were 3 R. Vaggiani, 1). V. Kciintpolil, C. J 1 . Lock, aniid (.I
made by comparisun with those of C1J.3C=_N" and SiLiroifiilgrri, Itiorg. C/,rni., l'Jt1(. 25. 561,

1ffN-XF~;v~,r,,Cil). 0136).31)1(7, 3J274) m-' 4 S Hcrniple and FL. P. Nixon. J, Chem. Ph vi.. 1967. 47. 42,73.
liC-N-XF+: .,MC11), 313(), 321(), 027() c-i; 5 11. C. Allen. U. 6). 1 idwell.intl IE. K l'iyk,!rJ. C/mu.d I'yi . 195fi.

v,,,(CH,3), 2944(19), 294"(19) cmnpi: v,,5 ,(CH,). 2335(16) 25, 302.
cnn- v(XeF). 55'( 1(J(A), 5,0(74), 571(l4) cm - 6t( JLXe.44) 6 J IL. (.iriflitlms in *Vibiratioinal Spcctia and Strri,.rurc., cd J k,
100(7), 170(6) cm'., Durig Elsevier, Nc'v York, 1917, vol. 0,. p, 333.
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The Fluoro(hydrocyano)xenon(II) Cation; Preparation of HC-N-XeF*AsF,; a Multinuclear

Magnetic Resonance and Raman Spectroscopic Study

Adel A.A. Emara and Gary J. Schrobilgen"

Abstract

The XeF" or XeF,4 cations react with HC-N in anhydrous HF solvent to give the Lewis

acid-base adduct cation, HC-N-XeF+. The HC-N-XeFP cation has been characterized in HF and

BrF5 solvents by " 'Xe, "9 F, -'4"5N, •C and 'H NMR spectroscopy and has been characterized as

its AsF(, salt in the solid state by low-temperature Raman spectroscopy. The scalar. couplings,

IJ(I2)Xe14N), iJ(I2'•Xe..J 3C) and 3J('-9Xe-'H), represent the first examples of couplings observed

between these nuclides. The vibrational assignments of the v(Xe-N) stretching and 5(XeNC)

5(FXeN) bending modes have been aided by obtaining Raman spectra for natural abundance '5N-

and "'C-enriched HC=N-XeF÷AsF,,. The solution NMR and low-temperature Rarnan spectroscopic

studies are consistent with a linear C_, structure for the HC-N-XeE' cation. The vibrational data

together with the NMR chemical shifts indicate that the Xe-N bond is weakly covalent and are

in agreement with recent theoretical calculations. NMR spectroscopic studies also show that

solutions of HC-N-XeF'AsF,," in HF are extensively solvolyzed to give equilibrium

concentrations of the I-HC=-Nl-H cation and XeF,.
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INTRODUCTION

While many examples of xenon bonded to oxygen or fluorine and of xenon bonded to

other highly electronegative inorganic ligands through oxygen were synthesized immediately

following the discovery of noble-gas reactivity,' over a decade had elapsed before an example

with a ligating atom other than oxygen and fluorine, namely nitrogen, was synthesized2 and two

decades before the Xe-N bond in FXeN(SOF)2 was definitively characterized in the solid state

by X-ray crystallography and in solution by multinuclear magnetic resonance spectroscopy.' Other

imidodisulfurylfluoride xenon-nitrogen bonded species have since been definitively characterized

using primarily NMR spectroscopy, namely, Xe[N(SOF)J 2,4 5  F[XeN(SOF), 21j2 5

XeN(SOF,+AsF,,' and XeN(SO:F):÷Sb3F,(, ' and the latter salt has also been characterized by

single crystal X-ray diffraction. The compound, XeIN(SOCF 3)212], has also been prepared and

characterized, and is the most thermally stable of the imido derivatives of xenon.

Recently, a significant extension of noble-gas chemistry, and in particular compounds

containing noble-gas nitrogen bonds, has been achieved by taking advantage of the Lewis acid

properties of noble-gas cations.' In view of the propensity of the XeFr cation to form strong

fluorine bridges to counter anions in the solid state," the XeW cation may be regarded as having

a significant Lewis acid strength. Based on photoionization studies, HC-=N is one of the most

oxidatively resistant ligands among the perfluoropyridines and nitriles we have investigated thus

fur (first adiabatic ionization potential, 13.59 eV"'). The estimated electron affinity of XeF' (10.9

eV '' suggested that VIC-N would be resistant to oxidative attack by the XeFR cation and that the

HIC=-N-Xet' cution mi ght have sufficient thermal stability to permit its spectroscopic
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characterization in solution and in tile solid state. The reaction of XeF÷ with HC--N and the

subsequent isolation and characterization of HC-N-XeFrAsF,, have been reported in our previous

communication. 2 We subsequently reported that a large number of oxidatively resistant Lewis

nitrogen bases can interact with XeF' to form Lewis acid-base cations with XeF+. Included

among these bases are alkyl nitriles and pentfluorophenylnitrile,"' perfluoroalkyl nitriles,' 3

perfluoropyridines' 4 and s-trifluorotriazine. ' The present paper provides a detailed account of the

synthesis and structural characterization of the HC=N-Xer cation by low-temperature Raman

spectroscopy in the solid state and in solution by 'H, 13C, 1' 5̀N, "'TF and :'2 Xe NMR spectroscopy.

More recently the krypton(ll) analog, HC-N-KrF '5 and RFC=N-KrF (RI: = CF3 , CIF5 , n-C 3F7)13

have also been synthesized and characterized in this laboratory, representing the first examples

of krypton-nitrogen bonds.

The present paper and previous communications outlining the syntheses of HC-N-

XeFAsF, '- and HC=N-KrFPAsF,- ` have been complemented by a recent theoretical

investigation of HC--N-Ngr (Ng = Kr, Xe) at the SCF level by determination of the properties

of the atoms and bonds in these molecules using the theory of atoms in molecules."'

RESULTS AND DISCUSSION

The reactions of XeFAsF(, and XeF•÷AsF, with HC.•N were carried out according to

equations (I) and (2) by combining stoichiometric amounts of the reactants in anhydrous HF and

warming to -20 to - I 0C to effect reaction and dissolution.
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XeIAsF(, + [C=-N - > HCEN-XeF+AsF,, (1)

Xe2F3*AsF(- + HC=N > HC=N-XeFAsF- + XeF, (2)

The compound, HC=N-XeF'AsF,, was isolated as a colorless microcrystalline solid upon removal

of HF solvent under vacuum at -30 'C and was stable for up to 6 hrs. at 0 'C. After HF removal

at -30 "C following reaction (2), XeF, was observed in the Rarnan spectrum of the solid sample
prior to pumping off XeF2 at ( "C ( E 495 cm'). Solutions of HC-N-XeFAsF,, in HF at

ambient temperature slowly decompose over a period of 14 hrs. The solvolytic behavior of

HC=N-XePAsF- in anhydrous HF at room temperature has been compared with that of HC--N

in the accompanying paper."7 The icactions wcrc also conducted in SO-.CIF solvent at () 'C, but

owing to the low solubility of the reactants and prQduct in this solvent, the reactions did not go

to completion."

NMR Spectroscopy

Structure of the HC•N-XeF Cation in Solution. Every element in the HC=N-XeFr cation

possesses at least one nuclide which is suitable for observation by NMR spectroscopy, namely,

the spin-A nuclei 'H, 13C, 15N, '29Xe and '9F, and the spin-i nucleus "4N. Multinuclear magnetic

resonance spectra were recorded for HC-N-XeF*AsF,, in HF and BrF5 solvents for all six nuclei

using natural abundance and '3C and '•N enriched compounds. All possible nuclear spin.-ipin

couplings have been observed (Structure I and Table 1), establishing the solution structure of the
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HC=-N-XeF' cation. In the course of the present NMR study, the couplings, 'J(,'2 Xe-'4 N),

2J('- 9Xe-3C) and IJ( ('Xe-'H) were observed, representing the first examples of scalar couplings

between these nuclides.

1H _1 3C= 14/15 N_1 29 Xe_19F

Structure I

In prior studies of the irnidodisulfurylfluoride derivatives of xenon(lJ), the low symmanetry

and resulting large electric field gradient (efg) at the 14N nucleus in the trigonal planar -N(SO2 F)2

group necessitated "N enrichment in order to observe xenon-nitrogen scalar couplings and

nitrogen chemical shifts in FXeN(SO.F).,3 XeN(SO2 F), + ' XeIN(SOF)j. 1 and F[XeN(SO 2F)21J2

6 cations in SbF•, BrF. and SOCIF solvents. In contrast. the axial symmetry of the HC-N-XeF4

cation and resulting 'ow efg at the "N nucleus, low viscosity of the HE solvent at -10 'C and

small quadrupole moment of "N serve to minimize quadrupole relaxation of the 12 'Xe-' 4N and

"4N-'YC counlings (see Nature of Bonding in HC-N-XeRF), allowing ready observation of the

directly bonded ' ý9Xe-_4N and "N-YC scalar couplings. However, in the higher viscosity solvent,

BrF, (-58 °C), the '•"Xe- 4 N and 14N-"C couplings are quadrupole collapsed into single lines.

Because they are generally obscured owing to quadrupolar relaxation caused by the "N nucieus,
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"~N cnrichincnt was required for the obscrvation of scalar couplings between nitiogen and non-

directly bonded nuclei when tile magnitudes of the couplings were small.

Tht ' X NMR spectrumn of natural abundance HC=EN-XcF' consists of a doublet arising

from 'J('-9Xe-' 9F) in tile Xe([l) region of the spectrum and is centered at -1570 ppm inl BrF-j

solvent at -50) IC; 'j(129 Xe- "T), 6176 Hz. The doublet ('J('2 9Xe-'`F,, 6161 Hz) is centered at -

1552 ppmn in HF at -10 'C and each doublet branch is further split into partially quadrupole

collapsed 1:1:1 triplets arising fromn the one-bond scalar coupling 'J('2UXe-' 4NI, 332 liz. The

MULaenitnde Of 'J('-)Xe-"F) is comparable to directly bonded '-"Xe-"'F couplings of other xenon(ll)

cornpoUn~dS.1x"u Failure to observe 'J(' 2 'Xe-'4 N) in BrF, at -50 'C is attributed to the increased

viscosity of BrF, relative to I-F, leading to a longer molecular correlation time in the former

solvent and quadrupole collapse of the IZ9Xe-IJN scalar coupling. Carbon-13 enrichment (99.21k)

led to further splitting Into a doublet (84 Hz) on each peak in the ' 9Xe NMR spectrum, and is

assigned to -J('`'"Xe-'"C), representing the first reported example of a scalar coupling between ' C

and "'2 Xe (Figure Ia).

N itrogen-I15 enrichment (99.5%) of the HC=-N-XeF4 cation was necessary because 2J ("N-

'H1) and -i("'F-!!N) could nui bw- observedt in natural abundance liC=N-XCF'ANF,-. In addition to

observing , J(5N-'H) and "J('"F-'N) In their respective "IF, '5N and 'H NMR spectra (vide infru),

a well resolved doublet of doublets on each doublet ('J(`29 Xe-"'F)) branch in the '-9Xe NMR

spectrum of the 'SN-enriched cation was observed in both HF (- 10 'C) and BrF, (-50 'C) solvents

(Figure Ib). The fine structure is assigned to 'J(""Xe-'5N) (471 Hz in HF; 483 Hz in BrF,) and

'J('2 "Xe-'Ii) (',4.7 Hz in HF; 26.8 Hz in BrF,); the '"9Xe-'H coupling was confirmed by a 'H

broad band decoupling experiment inl the I", Xe spectrum. Because of the smaller size of IJ(I IXe-

60



'M). quadrupolar line broadening by "4N precludes observation of the latter coupling in the "'2 Xe

NMR spectrum of the natural abundance cation. The magnitudes of 'J(I2-Xe-- 4N) in the absence

of quadrupole relaxation have been calculated for comparison with their observed values in HF

solvent from the measured values of 'J('2̀ Xe-' 5N) using equation (3): 334 Hz (BrF 5 solvent at -50

0C) and 336 Hz (HF solvent at -10 'C cf., 332 Hz, measured value) and show the effect of

residual quadrupolar relaxation on the measurement of 'J(' 2 9Xe-14N) is negligible.

'J(1Z')Xe-1 4N) = 'J( '2'Xe-'sN) - (3)

The "IF NMR spectra for natural abundance and 99.2% "3C-enriched HC--N-XeF+AsF,'

in IIF solvent at -1M 'C and for 99.5% ''N-enriched HC=N-XeF'AsF• in BrF, solvent at -50 °C

(Figure 2) consist of single "TF environments with accompanying satellites that are attributed to

'J('2'Xe-'TF). Under high resolution and in the absence of quadrupolar line broadening arising

from 14N, 4J(l' F-'H), 2.6 (HF), 2.7 (BrF.j; 'J(l"F-"QC), 24.7 (HF), 26.8 (BrF.) and -J(' 9F-'-N), 23.9

Hz were observed in the '5N enriched compounds (Table 1). A broad, saddle-shaped feature

(3150 Hz linewidth) also occurs at -6X ppm in these spectra and arises from the partially

quadrupole collapsed 'J(ThAs-•"F) coupling in the AsF,( anion.

The '-N and '5N NMR spectra have been recorded for natural abundance awid 99.5% 15N-

enriched IC-=N-XeFrAsF,,, respectively. The "N NMR spectrum recorded in HF solvent at -10

'C consisted of a single line at -235.1 ppm with '-'Xe satellites ('J(1'2 Xe-' 4N)). The "N NMR

spect'rum of a 99.5% enriched sample was also recorded under the same conditions in HF at -10

"C (-234.5 ppm) and in Bi-F, at -50 'C (-230.2 ppm) (ligure 3). The splitting pattern in the "'N
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spectrum consisted of a doublet of doublets arising from 2J("N-'9F), 23.9 (I-1F, BrF,) and J('5 N-

'H), 13.(0 Hz (BrF,) (also observed in the 'H and '"F NMR spectra) and were accompanied by

""'Xe satellites ('J("2 9Xe-'5N)).

The' H NMR resonance of natural abundance HC--N-XeFPAsF- in BrF, solvent at -58 'C

occurred at 6.01 ppm and consisted of a doublet with '-9Xe satellites, 'J(' 29Xe-'H), 2.7 Hz. The

doublet is assigned to 4J(' 9F-'H), but the two-bond "N-'H coupling was not observed due to

quadrupole relaxation by "N. However, 4J("')F-'H) and 'J("N-'H) were both observed in the 'H

NMR spectrum for a 99.Y5 '¢N enriched sample in BrF, solvent at -5(0 0C (Figure 4). The 'H

resonance in HF at -I0t "C has also been observed for a natural abundance sample and consisted

of a single line at 4.70 ppm with '29Xe satellites ('J("'2 Xe-'H)).

The "C NMR ;esonarce .f HC-N-XeF+ (Figure 5) for ;1 99.2% "C' enriched sample in

HF solvent at -10 'C occurred a' 104.1 ppm and consisted of a doublet ('J("C-'H)) of partially

quadrupole collapsed 1:1:1 triplets (0J('4N-Y3C), 22 Hz) with :'2 Xe satellites (-J('-9Xe-' C)) on each

doublet branch.

Intense signals assigned to the HC•NH' cation were also observed in the 'H and '3C

NMR spectra and are attributed to equilibrium (4). The relative concentrations

I1tC-NH'J/IHC=N-XeF'J measured in the 'H NMR spectruni,' ia HF solution having an initial

IHC-=N-XeFAsF-,, of 2.18 M at -1i0 "C was 4 : 1. The proton chemical shift1 7('-), 7.43 ppm

and "J(' 5N-'H), 18.6 Hz for the proton on carbon of a "5N-enriched sample are in excellent

agreement with the previously reported values for HC•-NH+ in the FSO 3It-SbF5 -SO 2 solvent

s4',ien In contrast to the previous work in FSO 3!t-SbF.-SO,, the proton on nitrogen

environment and lJ(' 4 I•N-'H) were not observed, and is presumably the result of proton exchange
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with HF solvent. Additional NMR parameters for the HC-=NH' cation are reported here for the

first time: 8(13C), 97.1 ppm; 'J(' 3 C-'H), 324.6 ; (!,C-1 4 N), 40.7 and 'J(3C-J5 N), 59.5 Hz,

however, neither the "TN nor "IN spectra of the HC-NH+ cation could be observed, even after a

relaxation delay of 30 s was applied in the "5N spectrum. A previous determination of 5(1"N) in

FSOH-SbF,-SO. solvent by the INDOR method gave a value of 119.4 ppmn relative to external

aqueous NH,' 21 (chemical shift relative to neat external CHI NO is -240.3 ppm calculated from

a •3(.N) value of -359.7 ppm for aqueous NH4'Cl relative to CH3NO, 4).

Although significant equilibrium arnounts of HC=NH' are observed in the "•C and 'H

NMR spectra, XeF, is not observed in the "F and '-"Xe NMR spectra even in the presence of a

an equimolar amount of XeF, as in reaction (2). The apparent absence of XeF, in the NMR

spectra is presumed to iesult from ch.em.ical exchange involving trace amounts of X,,,eF. and

Xe2 F,+ as exchange intermediates arising from equilibria (4) - (7) and XeF,.

HC-N-XeF' + HF HC=NH÷ + XeF, (4)

HC-N-XeF* I-IC=N + XeF' (5)

XeF + 2HF XeF, + HF (6)

XeF+ + XeF, Xe F3, (7)

The '";Xe NMR spectra of HC-N-XeF+AsF,, and CHC=-N-XeF-AsF,- in HiF at -1 "C have been
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reportcd previously'2 and clearly sllow that the '2 Xe linewidth of HC- I XeI t AsF<, (84 Hz,

center line of the triplet) compared to that of CHC--N-XeF'AsF(, (40 Hiz, center line of the

triplet) is significantly larger. This observation is consistent with the anticipated lower base

strength of HC=-N towards XeF÷ relative to that of CHJC-N, resulting in a greater degree of

dissociation for HC-N-XeFP (equilibrium (5)) and ensuing chemical exchange by means of

equilibria (4), (6) and (7).

In the course of this study it has also been shown that XeF. displaces I-IF in its reaction

with HC--NlH÷AsF,, in HF ar BirF. solvents according to the reverse of equilibrium (4). The '-"Xe

NMR spectrum was recorded for the molar ratio XeFjHC=NH+AsF,- = 2.47 at -15 "C in HF

solvent (initial IXeFAj = 0.23(0 M). and gave the relative equilibrium concentraOtons

IXeFj/I!HC--N-XeFI = 0.81. While the XeF, 1:2:1 triplet (-1555 ppm; 'J(I' 'Xe-1vF), 5530 Hz)

could be observed under these conditions, it was signifitantly exchange broadened (linewidth,

2590 Hz) relative to that of HC--N-Xe P (-1555 ppm: 'J(a'2'Xe-'9F), 6156 Hz; 'J(Q'2IXe-14 N), 330

H-z; linewidth, 110 Hz), indicating that XeF, waN undergoing slow chemical exchange,

presumably via equilibria (5) - (7). Because HC--N-XeFPAsF,. has a low solubility in HF at

temperatures approaching -30 "C, an equilibrium mixture of lC=-NH+AsFl, and XeF 2 was also

studied in BrF, solvent at -5(1 "C for the molar ratio XeF1/[iC=-NH+AsF*, = 2.17, giving

IXeF:j/ýHC-N-XeF'I = 0.72 at equilibrium (initial [XeF2] = 0.314 M). In contrast, the XeF,

triplet (-1666 ppm; 'J(129Xe-"''F), 5629 Hz) was significantly sharper (linewidth, 250 Hz), which

is consistent with a lower degree of dissociatiori of iCa-N-XeF4 according to equilibrium (5) (-

i573 p I,*, was',dr_ i4,...............a . - Icra 'it Iow termneratures in BrF.: linewidth, 470.

liz).
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Rainan Spectroscopy. The low-temperature (-'l °C) Raman spectra of the crystalline product,

isolated from the reaction of natural abundance, 'SN- and |"C-enriched HC=N with XePAsF,- in

anhydrous HF solvent are shown in Figures 6 and 7 and the observed frequencies, along with

their assignments, are listed in Table 2. The '3C (99.2%) and '5N (99.5%) enriched salts were

prepared in order to aid in the assignments of the v(XeN) stretching and 5(HC--N), b(CNXe) and

b(NXeF) bending frequencies. The isotopic shifts are given by the ratios AL(14/1 5N)/X(14N) and

A.()W2 IC)/X(?C), as described in reference (24) and are defined and listed in Tfable 2.

The Raman spectra are consistent with the formation of itC-=N-XeFVAsF,,- in the solid

state. The linear HC-CN-XeP cation is expected to give rise to 3N - 5 = 10 normal modes

belonging to the irreducible representations 4 E' + 3 [l under the point symmetry C-,. All ten

modes are predicted to be Raman ant infrared active, and consist of fuui .uCtWhitui. Miuijv',

v1(Z+), v(H-C); v,(E+), v(C-N); v,(Y+), v(Xe-F) and. v.(+), v(Xe-N) and three doubly degenerate

bending modes v(jl), 8(HCN); v,(Vll, 8(CNXe) and v,(Fl), (5(NXeF). Therefore, seven bands are

expected in the Raman and infrared spectra of the HC--N-XeV cation. In addition, the octahedral

AsF,, anion is expected to give rise to three Raman-active vibrational bands under O0 symmetry,

V,(alJ), V.(e.) and v,(t:g). However, 2N bands as opposed to the predicted 13 from a consideration

of free ion symmetries are observed in the Ramai spectrum of HC=-N-XeFAsF,- (Table 2). The

disparity between the number of observed bands and the number predicted from a consideration

of the free species is attributed to vibrational coupling within the unit cell and/or reduction of the

free ion symmetries due to site symmetry effects. The removal of all degeneracies by lowering

of the cation and anion site symmetries to C,, or lower would result in 25 Raman-active bandF,

however, in the absence of a crystallographic space group for HC=-N-XeF-AsF,-, it has not been
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possible In the ensuing (lisCUsiN.'1 to determine their site symmetries and thereby ZIccOLILIE for dhe

additional splittings and assign their symmetr-y species in a rigorous manner.

Vibrational assignments were aided by compzrison with the vibrational frequencies of

HC=N,-' FXe-N(SO 2F),, 3 XeF+A.sF~,2 Xe,,F3'AsF( , and M'AsF~,-, where MI is an alkali metal

and by recent theoretical calculations of the harmonic frequencies of the HC-lCN-KrF' cation." 30

Thle three fundamental stretching modes v(Xe-F), v(C-N) and v(C-H) are readily assigned by

comparison with the Raiman spectra of HC=EN in tile gas phase and XeF'AsF,,:, which areC alSC.

listed in 'Table 2. As the Xe-F and C-N stretch~ing modes belong to thle totally syii~metrIC

representation, Z', their sJplittings can only be attributed to coupling of vibrational modes withinl

the unit cell. The- C-H stretchi~ng mode is also presumned to be factor-group split, but owing to

its broadness, the anticipatedl splitting could not be resolved.

Thle most intense bands at 50 i(.100) and 569(93) cm 'are assigned to the Xe-F stretching

frequency of the IIC=-N-XeiV cation and is; characteristic of thle terminal Xe-F bonld in xenon(Ill)

spe.)cies of thle type L--Xe-[F (wee Table 3). The Xe-F stretchinlg frequency can be used to assess

thec covalent ri tui-e of the Xc-F bond. The XeF' cation has be-en shown to be weakly coordinated

to the union by means of a fluorine bridge, and the Xe-F stielclm has been shown to correlate with

the deLgree of covalent character in the Xe---F bridge bond, decreasing with inc.reasinig base

sti-ength of the aiiion.X Consequently, the Xe-F stretching frequency is expected to increase as the

Yenoil--nitroLgen bond becomes more ionic and the terminal XeF bond b~ ie;more covalent. A

CoiiplarisoiI Cf (hie Xe-F Stretching frequency of' H-C=N-XeVF with othei Xe-N bonded species,

xe. and~ XcJ.14 allows oric tw assess thle relative covaleýncy of the Xe-N bond in the_ IlC=N-XeF4

cation. 'I esrth mg frrcqtiueic es of the temmnina XeF- bond For F-Xe-L. type d: aivsare 1listedl
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in Table 3 along with. their Xe-F and Xe-L bond lengths when known. The ltC-N-XCFP cation

has the most ionic xenon-nitrogen bond when compared to previously reported Xe-N bonded

compounds for which vibrational data are ',tilable and is also in accord with our NMR findings

(see above and Table 3) and theoretical calculations at the SCF level (see Nature of the Bonding

in HC=N-XeF+). The latter calculations show that the reaction. of the gas phase XeFF ion with

F to yield the difluoride results in an increase in the calculated Xe-F bond length of 0. 1 A, while

the reaction of XeFV with HC--N causes the same bond length (calculated) to increase on average

by only 0.016 A."' Simiar conclusions have been reached based on the high-frequency position

of the Kr-F stretching frequency of HC-N-KrIAsF•, Ii and theoretical calculations for the

HC-N-KrF+ cation. 16,.- Z7 0

The v,(I÷) C-H stretchint2 vibration is assigned to a broad, wFeak band at 3142(2) cm' and

occurs at a significantly lower frequency than i~n gaseous HC=N, i.e., 3311 cm-',- and is

consistent with coordination of the nitrogen lone pair to an electron pair acceptor. Two sharp

lines at 2160(41) and 2162(18) cmn' are assigned to the factor-group split v.,Y.) C-N stretching

mode and occur 63 cm' to higher frequency than the C--N stretch of gaseous HC-N. The shift

to higiher frequency upon cooI(.IIlIatioii to XeV is consistent with ci.tion formation and with

HC=-N acting as a o-electron pair donor to XeF. The C-lI and C-N stretching frequencies also

exhibit the expected sensitivities to "- and "5N substitution (Table 2). The calculated changes

in C-H and C=-N bond lengths paraael the observed shifts in the stretching frequencies in the

HC-=N-XeFAsF6, salt (see Nature of the Bonding in HC-N-XeF)."

The assignments of the low-frequency cation bands arising from v(Xe-N), b(CNXe) and

6(FXeN) were aided by I',N and "'C isotopic enrichment. The relative order of the coi responding
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calculated frequencies for HC--N-KrPF "' which are uniformly lower than In the xcrihn analo!,I

are consistent with the order arrived at for HC-N-KrFV, i.e., v(Xe-N) > 6(CNXe) > 8(f-XeN).

The v.(3) Xe-N stretching vibration of the i-C=-N-XeF t cation is assigned to the weak,

low-frequency lines 328(4) and 335(2) crn" where the splitting is again attributed to vibrational

coupling within the crystallographic unit cell. The assignment of the Xe-N stretch has been

confirmed using I'N and "'C enrichment and results in relative shifts A?.(I"'N)/Ad'N), -0.027 and

-0.024-, for the two bands in the spectrum of '"N [ItC--N-XefW•AsF,,, and •AX("':' 'C)/A('"C), -(.03(1

and -0.024 for [ 'CjIHC-N-XeFVAsl<,, (Figure 7). The siimilarity bet•een the '"N/''N and 'C/' '

isotopic shifts is expected from a consideration of the form of the inormul cooldiluatC

corresponding to v,(Y,). In the case of a heavy atom like Xe. the N and C displacements are

expected to essentiaily equal to une anothcr and in the ilane but opposite sense to the sm1,ll Xe

displacement (cf. tile actual form of the dis, laceilents in the oilmal cooid mare coIrCSpondin,,

to V(A), the C-X stretch in XC(N, where X = Cl, Blr or I 4;). The Xc-N frequency of Ole

llC=N-XeF*Asl.-",, salt occurs at lower frequency than thosc of IXcN(SI:)2 (422 cm ')' and

Xei N(SO',.F)]z (386 - 413 cm t)." This is attributed to the greater covalent charuacter of thec Xe-N

bonds in the imilodisulfuryllluoride derivatives, wherea, the Xe-N bond of tiie i(:aN-XCe-"

cation is among the most ionic Xc-N bonded sp,,cies presently known (the Xe.-N bonds ill n-

C•I:-C•N-XeFV, C.,FC-N-XeF' and (.FýC--N-Xc+' appear to kc weaker based on a comipam isonl

of their 2'Xe and "F chemical shifts, however, the vibrational spectra of these catlons have not

been recorded;'). This is corroborated by the high-fliequenIcy potiot, of the Xc-I stretch, which

is among the highest of any F-Xe-L type species known where L is not banded to tOw XcF gloup

tl[ir)ugli fluorinm .
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The formally doubly degenerate bending mode v,(I1), 6(I-ICN) was not observed; this band

is very weak in the Raman spectrum of gaseous HC=tN.' Although the frequency of the weak

band at 707(2) is similar to 5(HCN) of gaseous HC=-N (712 cm'), it was found to be insensitive

to either "C or "5 N isotopic substitution and was accordingly assigned to an anion mode (vide

infra). The assignments of the remaining doubly degenerate bending modes have been made with

the aid of their relative ' C/"C and 14N/ 15N isotopic shift data. The presence of more than a single

band for the 5(CNXe) and 8(FXeN) bending modes is ascribed to factor-group splitting and/or

removal of the degeneracy by a cation site symmetry lower than C,,.

The bending mode. v,,(Il), 8(CNXe) is assigned to lines at 271(6), and 281(14) cm' and

exhibits the anticipated low-frequency shifts in the Raman spectra of ['IC]HC-N-XeFAsF6, and

I'5N IHC-N-XeF+AsF,,, i.e., AX("41 1'N)/X(' 5N), -0.038 and -0.032 and AX(: '/[C)/X(I 2C), -0.005 and

-0.008 (Figure 7). The '4N/'TN dependence is large, and is in fact similar to v1(X+), the Xe-N

stretching mode. The displacement of nitrogen from the molecular axis is expected to be large

when bonded to a heavy atom while that of carbon is expected to be considerably less than the

nitrogen displacement and in the opposite sense (cf. displacements for the normal modes in

XC=N4 2 ). The relatively small '2C/' 3C isotopic dependence for this mode is also supported by this

qualitative description and is consistent with a smaller carbon displacement.

The bending mode v7(nl), 5(FXeN) is expected at lower frequencies than 5(CNXe), and

is assigned to the moderately intense bands at 118(20) and 135(10), 158(6) and 181(3) cm- by

comparison with XeFrAsF,, -5 and XeF,*AsF,,",-' where 5(FXe---F) are 155 (average) and 161

cm" (average), respectively, and FXe-N(SO.F),,' where 5(FXeN) is 200 cm' (average). The

FXeN hend of H-IC-N-XeF is expected to be significantly lower than that of FXe-N(SOTF):.
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These modes also exhibit "N/"N and '2C/' C isotopic dependences (Table 2 and Figure 7):

however, no simple explanation for the relative magnitudes of each shift for each component of

this doubly degenerate bend is presently available.

Although the AsF, anion is not expected to be fluorine bridged to the HC-N-XeFr cation,

the AsF£ anion exhibits 14 bands compared to the three Raman-active bands that are expected

under Oh symmetry. Because the totally symmetric mode of AsF6 , v,(a,,), is not split, additional

Raman-active bands are largely attributed to site symmetry lowering (15 Raman-active bands are

expected for a site symmetry of C,, or lower), although vibrational coupling in the unit cell may

also contribute to the number of observed bands. The modes have been assigned under C,

symmetry by analogy with XeFAsF•, (Table 2) in which the Oh symmetry of the anion is

reduced to C, or lower symmetry by formation of a fluorine bridge to the anion. The vibrational

frequencies for AsF- under 0 symmetry have also been listed for comparison.

Lines occurring below 112 cm' exhibit no measurable shifts upon `:C or '5N substitution

and have been assigned to lattice modes.

Nature of the Bonding in HC-N-XeF. Previous NMR studies of xenon(II) derivatives containing

XeF groups bonded to oxygen or fluorine have shown that the NMR parameters measured in the

"'F and '-2•Xe spectra can generally be used to assess relative covalent characters of the Xe-O, Xe-

--F bridge and Xe-F terminal bonds."'"' In general, as the ionic character of the Xe-L (L = ligand

atom) bond increases, tile covalent character of the terminal Xe-F bond increases, increasing the

forrm•dl chrurc ()n xenotn. These trends are paralleled by decreases in 6('-"Xe) and increases in

70



both IJ(I0)Xe-")F) and 6("'F) for the terminal XeF group. Table 3 provides the 6(IZ)Xe). and 6(')F)

chemical shifts and 'J(':'•Xe-'•F) for a number of xenon(ll) compounds containing terminal Xe-F

bonds for ,,c-nvarison with HC--N-XeFP, showing that the Xe-F bond of HC--N-XeFP is second

only to R,;C-N-XeFV (R,. = CF, CF.,, n-CF 7), XeF 3÷ and XeF in covalent character. Excluding

fluorine bridging to xenon and the RFCmN-XeF cations,' the Xe-N bond of HC-=-N-XeF+ is then

among the weakest xenon-ligand bonds observed thus far. The XeF character of the XeF group

in HC--N-XeFW is supported by theoretical calculations of the efgs at the Xe nuclei in XeFV and

HC=N-XeIV,' which are found to differ by only 71c, in agreement with the experimental

observation that the quadrupolar splitting in the ' "Xe MWssbauer spectra of H-lC-N-Xel (40.2

±0.3 mm s-) is the same, within experimental error, as that obtained for the salt XeF+AsF,- (40.5

OA 0).1 nn s 1).4

The observation of a well resolved '-"Xe-' 41 coupling in HF is the combined result of the

low viscosity of HF, the axial symmetry and accompanying low efg at the 14N nucleus.4 4 The

axial symmetry of the cation results in an asymmetry parameter ri= () so that the efg at the 14N

nucleus is dominated by q,,, the efg component along the C- axis of the cation. Consequently,

the effect of the efg on quadhupolar relaxation of I 4N will only depend on q,, and the molecular

correlation time, -c. Coordination of XeFr to the nitrogen sp lone pair of HC-N is expected to

reduce q,, significantly in the adduct cation, leading to a longer spin lattice relaxation time

relative to the free base, further enhancing the possibility of observing 1j(1 29Xe-' 4N) in the low

viscosity solvent, HF. The principal components of the efg tensor (+z is in the direction H -> N)

at the nitrogen nuclei in HC-N and HC=N-XeF have been calculated and the corresponding

reduction in efg in going from HC-N to HC=N-XeFV is 4811r, in accord with our observation of
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'J(-"'Xe-'"N) and tJ(t4N--"C) for HC=-N-XeF in I-IF solvent. The axial .component of the efg

tensor at the nitrogen nucleus is also halved upo,' t' c formation of HC=N-KrF*.

The difference in the magnitudes of the redu. "A coupling constants 'K(Xe-N) in HC-N-

XeP (1.3X9 x 102- NA "m') and FXeN(SOF) 2 (0.949 x 10'2 NA 2 mr)t.4 may be discussed using

a previous assessment of the nature of bonding to xenon in solution for FXeN(SO2 F)2. The Xe-N

bond of FXeN(SO2 F), is regarded as a a-bond having sp` hybrid character. In high-resolution

NMR spectroscopy spin-spin coupling involving heavy nuclides is generally dominated by the

Fermi contact mechanism." For Xe-N spin-spin couplings dominated by the Fermi contact

mechanism, one-bond coupling constants can be discussed on the basis of the formalism

developed by Pople and Santry.a5 In discussions of xenon-nitrogen scalar couplings in xenon(ll)

imidodisuifurylfluorkie corpounds,4 ' the i-electron density at the xenon nucleus was assumed

constant and a change in the hybridization at nitrogen accounted for changes in xenon-nitrogen

spin-spin coupling. The dependence of xenon-nitrogen spin-spin coupling on nitrogen s-character

in the xenon-nitrogen bond may also be invoked to account for the substantially larger 'K(Xe-N)

value observed for HC=N-XeF- than for xenon bonded to the trigonal planar nitrogen in

FXeN(SOF) 2. A comparison of 'K(Xe-N) for HC=N-Xel-' with that of the trigonal planai spý

hybridized nitrogen atom in FXeN(SOIF)2 allows assessrnent of the relative degrees of

hybridization of the nitrogen orbitals used in 0-bonding to xenon. The ratio, I'K(Xe-N),P]/[1K(Xe-

N),,2] = 1.46, for the HC=N-XeFr cation and FXeN(SO2 F)2 is in excellent agreement with the

theoretical ratio, 1.50, calculated from the predicted fractional s-characters of the formally sp-

and sp 2-hybridized nitrogen orbitals used in bonding to xenon in these compounds.

The Xe-N bond of the HC--N-XcFV cation may be thought of as a classical Lewis acid-
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base donor acceptor bond. Implicit in this description of tile Xe-N boid is a considerable degree

of ionic character, which appears to be a dominant feature of the stability of the HC-=N-XeF+

cation, This premise has been supported and further illuminated by theoretical calculations on the

HC--N-NgFR cations. 1'27-"0 The ability of NgF+ (Ng = Kr, Xe) cations to act as Lewis acids was

shown to be related to the presence of holes in the valence shell charge concentrations of the Ng

atoms that expose their cores."' The mechanism of formation of the Ng-N bonds in the adducts

of NgF+ with HC-=N is similar to the formation of a hydrogen bond, i.e., the mutual penetration

of the outer diffuse nonbonded densities of the Ng and N atoms is facilitated by theýir dipolar and

quadrupolar polarizations, which remove density along their axis of approach, to yield a final

density in the interatomic surface that is only slightly greater than the sum of the unperturbed

densities. Thus, not surprisingly, the KrP and XeFW cations are best described as hard acids,

which form weak covalent Ng-N adduct bonds, as. already noted in the context of the present

NMR and Raman spectroscopic studies. The energies of formation of these adducts are dominated

by the large stabilizations of the Ng atoms that result from the increase in the concentration of

charge in their inner quantum shells. The Ng-N bonds that result from the interaction of the

closed-shel! reac:tants N,F+ aund HCmN actually lie closer to the closed shell limit than do bonds

formed in the reaction of NgF+ with F. The calculated gas phase energies of the reactions

between the closed-shell species are -32.5 and -34.5 kcal mol' for Ng = Kr and Xe,'"

respectively, for

NgFV + H-L=fN -- > HC-N-NgF+ (8)
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and -209.) and -2 11.9 kcal tool1' for

NgP + F > F-Ng-F (9)

The reaction of the gas phase NgP ions with F to yield the difluorides results in increases in

the calculated Ng-F bond lengths of 0.1 k, while their reaction with HC--N causes the same bond

lengths (calculated) to increase on average by only 0.016 A."' The C-N bond of HC.•N is

calculated to shorten by -0.0(105 A on forming tbe adduct, while the C-H bond is calculated to

lengthen by 0.00X A."' These predicted changes in bond length also correlate with the observed

shifts in their corresponding stretching frequencies, v(C=-N), increasing by 63 cm' and v(C-H)

decreasing by 169 cm' for IC---Pv

A simple valence bond description may. also be used to satisfactorily account for

qualitative trends in bond lengths and associated spectroscopic parameters. The bonding in XeF2

and HC=N-XeFV may be represented by valence bond Structures Il-VII, where Structures IV and

V1I are the least important contributing structures. The XeF, molecule has a formal bond order

of ½ and the Xe-F bond of HC-N-XeFV has a formal bond order of ½ < b.o. < I; b.o. I is

approached only in the most weakly coordinated case of FXe+---F-SbF,•,.

F-Xe' F <---ý F 'Xe-F <----- F Xe2' F

II I IV

HC-N-Xe2 ÷ F <-- HC=-N +Xe-F <----- HC=-N Xe& F

V VI VIi
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Unlike valence bond Structures 1I and IIl of XeF2 the analogous structures for HCE-N-XeF[,

namely, Structures V and VI, do not have equal weighting owing to the large build up of formal

positive charge on the Xe atom of Structure V, consequently, Structure VI dominates, resulting

in an Xe-F bond having considerable covalent (XeF4 ) character and a weak covalent Xe-N bond.

EXPERIMENTAL SECTION

Apparatus and Materials. All manipulations involving air-sensitive materials were carried out

under anhydious conditions on vacuum lines or in a dry box. Bromine pentafluoride and

hydrogen fluoride were transferred on vacuum lines constructed largely from 316 stainless steel

and nickel. Glass vacuum lines equipped with glass/Teflon grease-free stopcocks (J. Young) were

used for the transfer of dry HC-N and H"C=-N.

Air-sensitive substances of low volatility and/or low therrmal stability were transferred in

a dry box equipped with cryogenic wells. Dry box moisture levels were routinely maintained at

<0. I ppm in a Vacuum Atmospheres Model DLX dry box.

Bromine pentafluoride (Ozark Mahoning Co.) was distilled into a Y4" Kel-F tube fitted

with a Kel-F valve containing dry KF and purified by maintaining F, (2 atm.) above the liquid

for 5 to 7 days or until all the Br, and BrFj had reacted. The solvent was stored at room

temperature under I atm. ol F-, until used.
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Anhiydrous hydrogen fluoride (Hiarshaw Chemical Co.) was purified by treatm-ent with 5

atm. of F, ~zsin a nickel can for a period of at least I month, converting residual water to HF

and 0, gas. After the specified time period, anhydrous HF was vacuum distilled into a dry Kel-F

storage vessel equipped with a Kel-F valve and stored at room temperature until used.

Hydrogen cyanide, HC-=N and H'3C=-N, was prepared by dropwise addition of H,2 0 to an

equimolar mixture of KC-=N (British Drug H-ouses) or K'3C=N (Merck) and P-20 5 (British Drug

Houses)."7 The l-lC=N/l-f'C=N gas evolved was condensed into a glass- U-tube at -196 'C, and

finally vacuum distilled into a glass vessel for drying over PO.,. In a typical reaction, 10.)00

154 mmn-ol, of KC=-N (1,00198 15.272 mrnol, of K"C=-N) was allowed to react to give 4.1501

g of HC=-N and (0.428 g of H'"CN). The purities of the products were checked by recording

the 'H and '3C NMR spectra of the neat liquids.

The salts, XeF4 AsF6, and XeF,~AsF,' were. prepared as previously described."3

HC=-NXeFPAsF,., IVNIHCýNXeFAsF,,- and I'"CIHC=_NXeFAsF,,. The salt, HC=-N-XeFAsF,,;.

wa.s preparc(1 according to equations (1) and (2). In typical preparations, two equal portionls

totalling 0.452 mirnol of anhydrous HC=-N gas were condensed fromn a 54.41 mL bulb onto 0. 1.176

g (0.347 rnmol) of XeFAsF6J in 1.(0 - 1.5 mL of HF solvent in a Y4" o.d. FEP tube outfitted with

a Kel-F valve and previously cooled to -196 "C. The amnbient pressure of anhydrous HC=-N gas

that was condensed was 100 - 200) Torr to minimize dinier formation.4 7 After the additions were

complete, the mixture was warmed to -20 'C to effect dissolution and complete reaction. The

product. [lC=_N-XerAsF,-, was only sparingly soluble in HF at -30) 'C and by increasing the
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temperature gradually to -10 'C. the product dissolved. Slow cooling of the solution to -.35 "C

resulted in colorless needle-shaped crystals. The. product was isolated by fernovaI of HF solvent

and excess HC=-N under vacuum at -3() 'C. In the case of Xe~F34Asl,-, two equal portions of

anhydrous HCEN totaling 1.365 mrnol were condensed onto 0.4722 g (0).9285, milol) of

Xe'F3'-AsF,; in ca. 1.0 - 1.5 mL of anhydrous HIF at -196 "IC. The remainder of the ptrocedure was

identical to that used iii the XeR'AsF,-/HC--N reaction except the product was pumped on for 6

hr-s. at (0 0C to remlove XeF,.

Nitrogen- 15 (99.51/c) aind carbon- 13 enriched (99.2%A) HC-=N-XeFt ASF,, were prepured

according to the equation (I ). In typical preparations, anhydrools hyaingtin fluoride 0I ml-) was

condensed at -196 "C onto (0I1124 g (1.70(1 mimol) of I'5'NIKCE=N in a 9mmir FE-P tube fitted with

a Kel-F valve. The sample was agitated until all the ['5NIKC-N had dissolved. The resulting

I' NIHC=-N was vacuum distilled, along with the HiF solvent, onto 0.4631 g (1.365 :mnmol) of

XeFRAsF,- in an V4" o.d. FEP reaction tube/Kel-F valve assembly, followed by warming to -10

'C. A colorless solution resulted, which was rapidly cooled to -401 'C, whe~re-iqor I-F and excess

I'5NIHC=-N were removed under vacuum. In a typical preparation of I 13CJHC-=N-XeF'Asl<,

.149X g (2.266 mmcnl) of "C I KC=EN and 0.54N0 g, (1.63(0 inmol) of XeF~AsF, were used. The

procedure was then the samne as for the preparation of I'sNjHC-lCNXeF~AsF 6-.

After 1-F removal, Raman spectra were obtained by running the specn-a directly on thlt

1/4" FEP reaction tube under 2 atm. (ambient temperature) of dry N, gas. The '5N- and "C-

enriched samples were subsequently divided and transferred into 4 min, 9 mi -,(FEP) and/or 5

mnm glass sample tubes for NMR spectroscopy. During transfers, samnpies were maintained at !ow

temperature by piacing the sampie tubes inside diiied cvppc1 bLockL;s pmCV1U'U.-iY c~ o-9
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"C inl l Cryogenic well inside thec dry box. Natural abundance samples for NIVMR SpeCLJrosCOp)y

were prepared by condeasing a 30(- 35% molar excess- of HC-=N onto tik appropriate amnount

of XeF-AsF,, or XeF,'AsF,4 in HIF contained in the FE'P WAIR samrple tube. In cases where the

exact stoichiomnetry was desired, thle sample was isolated Lis described above and redissolved in

the appropriate solvent. All samples were dissolved at low temperature inl either HIF (-20 to -1(0

"C) or BrF, (-6(0 to -50 "C) and heat: sealed off fromn their Kel-F valves and stored at -196 "C until

their NMR spectra could be recorded.

Nuclear Magnetic Resonajince Spectroscopy

All NMR spectra were recorded unlocked (field drift < 0. i Hiz h*') with the use of Bruker

AC-20(l (4.6975 T) and WM-250l (5.87 19 T) spectromneters'.

Spectra were recorded on natural abundanc:e, 99,2% "~C ;And 99.5% '"N enriched samples,

in heat sealed 9 mnm o.d. or 4 mmi o~d. PEP NMR tubes (HF and BrF, solvents) or in 5 11m1

precision Pyrex tubes (.BrF, solvent; Wilrnad Glass Co.) as described below. The PEP ';am-plc

tubfes were placed inside precision 10 mmn o.d. or 5 mmn o.cl. glass NMR tubes before being

placed inl tile P1robeh.

The '-"'Xe, "4N, SNX and "~C spectra were recorded at 5.87 19 T in 9 mmn FEP samrple tubes

(1-F and BrF, solvent) onl the same 10 mml probe (broad-banded over the frequency rang~e 23 -

103 MHz) tuned to 69.563 ('2'-"Xe), 18.075 ("N), 253.347 ('5N) or 02.915 ("'C) MHz, respectively.

Fluorine-19 spectra (23_;'361 MWz) were obtained on a 5 mm dual 'H/"'F probe. Proton spectraJ(20)0.!33 MHz) were recorded at 4.61,75 T in [IF so~vent in 4 mmn FEP sample tubes and in BrF5,

solvent in nwdiumn or thin wall 5 mmi ocd. precision glass samnple tubes.
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Xenon-129 NMR spectra of natural abundance HC--N-XeF4 AsF,,- samples were recorded

for spectral widths of 25 and 100 kHz with acquisition times of 0.164 and 0.082 s (17,00.( and

1510,000 scans), respectively, and a data point resolution of 6.10 Hz/pt. The. '-'Xe NMR spectra

of "•C- and '5N-enriched samples were recorded for spectral widths of 50 and 25 kl-z (50,000

and 12010 - 250)0 scans), respectively, with acquisition times of 0.328 and 0.655 s and data point

resolutiols of 3.05 and 1.53 Hlz/pt., respectively. Fluorine-19 NMR spectra were recorded for

spectral widths of 50 and 100 kHz with acquisition times of 0.082 and 1. 164 s and data point

resolutions of 3.05 and 6.10) Hz/pt. (4500 and 75(10 scans), respectively. Nitrogen-15 and -14

NMR spectra were recorded for spectral widths of 25 and 10 kHz with acquisition times of 0.055

and (0.41(0 s and data point resolutions of 1.53 and 2.44 Hz/pt. (1400 and 26,000 sans),

rcspectively. Carbon-13 NMR spectra were recorded for a spectral width of 15 kHz with an

acquisilion time of 0.541 s and data point resolution of 1.85 Hz/pt. (3000 scans). Proton spectra

were recorded for spectral widths of 80() Hz and 3 kHz with acquisition times of 5.12 and 2.80(

s and data point resolutions of 0.098 and (0.357 Hz/pt. (64 and 172 scans), respectively.

Pulse widths corresponding to bulk magnetization tip angles of -90 " were 22 (' 9Xe), 2

("'F), 49 (14N), 35 ('5N), 7 ("'C) and 0.5 las ('H). No relaxation delays were applied except in the

case of 'N, where a relaxation delay of 1(0 s was applied. Line broadening parameters used in

exponential multiplication of the free induction decays were set equal to or less than their

respective data point resolutions. All line shape functions were Lorentzian with the exception of

the 'H spectra and the ' nXe NMR spectrum of 113CjHC-N-XeF'AsF,,, in these cases Gaussian

line shapes v ý.re applied for resolution enhancement.

The respective nuclei were referenced externally to neat samples of XeOF, ('-"Xe), CFCI1.
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("F), CHINO, (14N and 5̀N) and (CH3) 4Si ("C and 'H) at 24 0C. Positive chemical shifts were

assigned to resonances occurring to high frequency of the reference substance."4

For variable temperature measurements, samples were kept cold (-196 or -78 'C) until

immediately prior to their placement in the probe. They were generally warmed only enough to

liquify and solubilize the contents and were then quickly placed in the precooled probe. Prior to

data accumulation, the tubes were allowed to equilibrate in the probe for periods of several

minutes while spinning. Temperatures were periodically checked by placing a copper constantan

thermocouple into the sampling region of the probe. Temperatures were considered to be accurate

to within ±1 0C.

Raman Spectroscopy. A Coherent Model Innova 90 argon ion laser giving up to 3.5 W of power

at 5145 A was used to excite the Raman spectra. The spectrometer was a Spex Industries Model

1401 1 double rnonochromator equipped with 180)0 grooves/mm holographic gratings. Slit widths

depended on the scattering efficiency of the sample, laser power, etc., and were set at 100 - 150

gm. An RCA C31034 phototube detector in conjunction with a pulse count system consisting

of pulse amplifier, analyzer and rate meter (Hamner NA-I 1, NC-11, and N-780 A, respectively)

and a Texas Instruments Model FSOZWBA strip-chart recorder were used to record the spectra.

The scanning rates used were 0.2 and 0.5 cms-'. The typical power range used was between 0.7

and I W. The spectrometer was periodically calibrated by recording the discharge lines from an

argon lamp over the spectral range of interest; all the Raman shifts quoted are estimated to be

accurate to at least +2 crn-' while the precision of each Raman shift measurement is estimated

to be ±H.2 cm'.
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Cylindrical ¼" FEP sample tubes were mounted vertically. The angle between the incident

laser beam and sample tube was 450, and Raman scattered radiation was observed at 45' to the

laser beam (90° to the sample tube axis). Low-temperature spectra were recorded at -196 'C by

mounting the sample vertically in an unsilvered Pyrex glass dewar filled with liquid nitrogen. All

spectra were obtained directly in ¼" FEP reaction vessels. The spectrum of the FEP sample tube

was nearly always observed, however, their prominence in the overall spectrum depended on the

efficiency of the sample as a Rarnan scatterer, and could be minimized by focusing the laser

beam on the sample surface. Lines arising from FEP have been subtracted out of the spectra

reported in the Tables but not in the Figures.
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FlIGUREL CAPTIONS

Figure 1. '~Xe NMR spectra (69.563 Ml-1z) of HC=EN-XePAsF 6 recorded in lip solvent at

-10) 0C (a) 99.2%. "C enriched sample. (b) 99,5'% "N enriched sample; expansion

(A) with pioton coupling and expansion (B) ('11)-decouplud.

[igure 2. 1"[ NfAk NpeCtAruM (235.301 M11/,) of 99).51/( '"N-ciiched II~~e s 1

recoi ded nl 13il', sol vent at -50 " 'C, ,stcrisks- ("~) (lnute '--Xt- sate! II CS.

Figure 3. "~N NMR spectrum Q.5.347 MHz) of HCN-o~s r a 99.5'/.-r "'N-unriched

Sample re-orded In II sol vent at -50) O(-- Asterisks ('ý) dtenote 1A2" t~~ts

Figure 4. Ili NMR spctruvi (200. 133 Nfl z) of )9,5% '1'N-enriched II~-c~l

recorded! in Bl-rI solvent at-50 ')C. se ik , dcnlor ''Xc SatelItes.

Filuwc 5. ' C N'A Mi(pwcrum (02.9! 5 Mu11. ul I(_'=EN- XvciAJh, for a 91).2(%( ' C-ei cmiedi

Sam11ple trcolded i? Ill- Solvent at -10 "C. A,,cn isl (, doiote '"XC SatcI IitcS,

l.,I-tL (''V V ~o Iafl Sj)cco'dtit of 1.t~ I aikdiautdane I IC'N- X0-eV% As! ircui ded at 4196 TC



[igti_• c7. IR, sitii (4lucI' . ul llufral abundjancc, 99.2'/( C-C¢IIIcIIcj auld i 9,511c "N-cririchcd

NXrecorded at - 196 'U.: (a) 32(11 - 2!( cm region and (b) 40(1 -

I(00 ctm1 re'.lon. Astcri.sks (*) denote IETT sumple rube lincs,
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'1.ilcI.NM R Chemilkal Shults and -Spin-Spin Coupling Constanits for tile I ICEN-XeFW Caitionl

Chemical ShIftsh Coupling Constants, Hz

8bCI'Xc) -1t552 -57)'J('ý"Xe-')F) 6161 (6176)

bC~h 1I98.7 (-1 93.1 I) J(I'2 Xe-14N) 332

6(-14N) -2135. 1 'j('12'IXe-'"N) 471 43

61 IN), -234.5 (230.2)" 'J'14N-1 1c) 22 1

10I 'J ('1 V1') 308

b(I 11) 4.7( (6.0 1 'I i(1 
2 1Xe' IC) 54

23.9 (23.9)

3J("'('Xe 'H-) 214.7 (26.8)

4 J(1 '11 2.6 (2.7)'
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a Samples were referenced externally at 24 'C with respect to the neat liquid references; XeOF4 (' "Xe),

CFCI., ('"F), CHNO, ('4N and '5N), (CFI) 4Si (I 3C and 'H). A positive chemical shift denotes a resonance

occurring to high frequency of the reference compound. The values in parentheses have been measured

in BrF, solvent.

b All "`F spectra displayed a broad saddle-shaped feature at ca. -68 ppm. arising from the partially

quadrupole collapsed 'J(7iAs-''F) of the octahedral ASF;, anion.

c Obtained from a 99.5(/c 'ýN enriched sample of HC---N-XeF'AsF,,.

d The sample wasj prepared and run at -50 "C in BrF, solvent by redissolving a solid sample of 99.5/c 'ýN-

enriched HC=N-XeF- AsF(; that had been prepared in HF solvent.

e Obtained form a 99.27 '"'C enriched sample of lHC--N-XeF*AsF,,.

f The sample was prepared and run tt -50 "'C in BrF,, solvent by redissolving a solid sample of natural

abundance HC•N-XeF'AsFJ, that had been prepared in HF solvent.
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Table 2. Rarnan Frequencies and Assignments for HC=N-XeFrAsF,, I'N]HC=-N-XeFPAsF, anc

["'CIHC-N-XeFrAsF,, and Related Compounds

Frequency (cm ')

HCN XeFAsF,, IICmN-XeF" I'-NIHCzN-XeF" I'1CIHCmN-XeF"
AsF__ A.F, AsF, Av£(""'N)' Av(I'z1ICt' X•4(N) X(CC) Assignment

3311 3141.9(2) 3139.3(3) 3121.0(4) -2.6 -20.9 -0.0016 -0.0133 v,(E*). r(CH)

2097 2162.1(I1) 2129.0(17) 2130.x(23) -33.1 -31.3 -0.0304 -0.0287 v2(z'). V(CN)
2lIH1.0(41) 2126.91(47) 2121.7(6.4) -33.1 -31.3 4.0304 -0.O28X

712 VMl). 8(IICN)

612(61) 569.4(93) 569.4(97) 569.4(97) 0.0 (0.0 0.(ROM) O.(K v3(,'), v(XelP)
610(XXO) 561.2(I(XK) 561.2(Il()) 561.2(1 W. 0.0 0.0 0.(XX) o.(Xw)
N0X( I ( ))
6N2(XI

347 sh v(F---XeF)
345158)

- 334.3(0)

334.7(2) 3310.61) 330.603) -4.1 -4.1 -0.024 -0.024 v,4 Z"). v(XeN)
327.9(41 323.4(3) 322.905) -4.5 -5.0 -0.027 -0.030

2N0.9(14) 276.3111) 279.7(14) -4.6 -1.2 -0.032 -0.008 vfl-). S(CNXe)
27(1.66) 265.4(6) 269.9(6) -5.2 -0.7 4).03X -0.K)5

167(2). S(F---XeF)
1 64(5)
160(7)
150(9)
147(6)
142(3)

181.2(31 181.2(2) 177.M(2) 0.0 -3.4 0.000 -0.037 v7(I1). S(FXeN)
163.0) slh 163 sh 163.3 %h (0.0 -1.7 0.(X) -0.021
157.(9(6) 156.9(5) 156.2(71 -0.7 -1.4 -0.009. -0.018
134.6(0•) 133.6(9) 132.1(11) -.(). -2.5 -(.(015 -(.0.37
I (8.1(k20) 1 17.Ir ,8 117.0(24X -0.9 -1.11 -0.015 -0.017

Continued...
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Table 2 (continued)

Ir,.qucn.y (cmn'u Assignment

AsFPt  XcF'AslA' IICsN-XeF'AsF. 0), (AsF 6 ) C, (AsFA,)

7MX) 735(20) vI(t,) A"73(1(5)

723(13) 707(2) A'

693(11 i A'

6X41) 6X 156) NXl(49) V,(a,,) A'

573 5x2(121 v:(e, A'

5775 'A'

465(3) .'(A'"I

3-X4 421(01) 419(<<11. 4151) 1 A*

4106(1I) " A'

401(2) A"

375 3XI 14) 397(0I 9',2(<I) v-(:,) A'

17X(5 i372(15y-. 37000)l A"

A"

2i2 24441I) ,1. A

A

A"

73(9) II I(sh). 77(2). ai.ttice mskses
710(). 65(6). 62(X).
i4(5. 4412). 43(3)
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Raman spectra of all of the ttC:N-XeFAsF,, salts were recorded with FEP sample tubes at -196 'C

using 514.5 rnm excitation. Lines due to FEP have been deleted from the spectra. Values in parentheses

denote intensities; sh denotes a shoulder. Data given are for the spectra depicted in Figures 6 and 7.

b Reference (22).

c Recorded at -196 'C; this work.

d Avt14l['N) = v(15N) - v1 4N): Av('(/"IC) = v(j!C) - V("2C).

e The estimated precision of each value is ±0.4 cm".

f Ak?(l'41 N) = ?,(''N) - ?,('N): Ak?('-""'C) = ?d' 'C) - X('-C) , where ?. = 47Etkv-,

c is the velocity of light and v the observed frequency (in cm').

L! Reference (23).
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Table 3. Coll) paisoi il Xe- F Siretching Frequencies. Chemical Shilis and Coupliig Constitis in F-Xe-L Derivatives

NMR Paramneters'
XcF/XeL'

Bond Lengths v(Xc-F) 'J( Xc-1'F)d 5(1 z'2 X)' ,(`('F)'1

Spccies' cm' Hz ppm ppm T. °C Ref.

XeF...FSb,F,,, 1.82(3)/2.34(3) 619 7230 -574 -290.2 23" 18,31,32,33

XcF ...FAsi7-' 1,873(6)P-.212(5) 611) 6892 -X69 -47 13.25.31,34,26

(FXc),F' 1.9()(3)/2.14(3) 593 6740 -1051 -252.0 -62 18.31,33.35

CFC=N-XcF* 6397 -1337 -210.4 -63 13

C,FjC=-N-XcF' 0437 -1294 -212.9 -63 13

C •F.C=-N-XcF* 6430 -1294 -213.2 -63 13

HC(N-XeF (1.904)/(2.421) 5(4 6181 -1569 -198.4" -SX 12

CHC-N-XcF' 560 6020 -1708 -185.5 -10 12

s-C,F,N.N-XeF' 54X 5932 -1862 -145.6 -50 13

5909 -18 No -154.9 -5

FO,SO-XcF 1.940(9)/2.155(8) 528 5830 -16606 -41) 1s.33,36.3 7

cis/Iraris-

F010-XcF 527 5803/ -1924/ -161.7 38

59101 -1720 -1701.1 )

CFN-XcR 528 5926 -1922 - 139.6 -.30 14

4-CF,CFN-XcF 524 5963 -1853 -144.6 -50 14

FTcO-XcF 520 -20.51 - 1.5}H 2 6 39.40

(FOS),N-XcF 1.967(3)/2.2(X)(3) 51)6 5586 -1977 -126.1 -58 3.4

56641 -2109' -126j• -40

XcF, 1.977 496 5621 -1685 -184.3 -!2 !3.5.41

(1.984)
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a Unless otherwise indicated, all cations have AsF~,, as the counterion.

b Bondl lengths obtained from theoretical calculations are indicated in parentheses.

c Spectra were obtained in BrF, solvent unless otherwise indicated.

d The NMR parameters of XeF group, in particular 8( 9Xe), are very sensitive to solvent and temperature

conditions. it is therefore important to make comparisons in the samne solvent medium at the same or

nearly the saine temperature.

e Referenced with respect to the neat liquids XeOF, ('~Xe) and CFCl, ("IF) at 24 'C, a positive sign

denotes the cheiciical shift of the resonance in question occurs to hig-her frequency of (is more deshielded

than) the resonance of the reference substance.

f Table entries refer to the terminal fluorine on the xenon atomn.

g Recorded in S-"bF, solvent.

h 80 'F) rficasurc(A in anhydrous FIF solvent at - 10 "C.

i NMR paramleters meastired In HF solvent.

j b,"'IF) measured in SO-.CIF solvent at -4(0 "C.

NA NR paraimetlers measured in SOPCF solvent.

I NMR pararnoters nieasured in SOCIF solvent at -5(0 TC.

90



REFERENCES

1. Bairtlett, N.; Sladky, F.O., In Comprehensive Inotganic Chemistry; Bailar, J.C.; Emncleus, H.J.; Nyholin,

R; Trotman-Dickenson, A.F,. Eds.; Pergarnon: New York, 1973, Vol. 1, Chapt. 6.

2. Lefflond, R.D.: DesN/arteati. D.D. j. Chiew. Soc., Chem. Commun. 1974,. 55.5.

3. Sawyer, i.F.;. Schirobilgen, G.i.; Sutherland, S.J. Injorg. Chem. 1982, 21, 40164.

4. Schumacher, G.A..- Scnrobilgen. G-J. Iriorg. Chem. l9ý;3, 22. 217h.

5. De-sMarteau, D.D., LeBlond. RID.-.o~mn S.F.I Ni6dhc, L). J. Am. C'hicmn. Soc., 19M, _1103. '1734.

6. Faggiani, R..- Kennepohi. D.K.-, Lock, C.J.L.; Sclmucbil-en, G.J. lnorg. (Thcnm. 1 2. 563.

7. Foropoulos, J; IDesMarteau, D.D. J. Ain. Chewn. Soc. M9Q, 104, 42(00.

8. Schrobiigen. G.J. In Synthc1tic Fluorine Chemnistry;- Olah, Gi.A., C R-iŽ,kD.. Prakash, G.IK.S., Eacr.,'

Wiley, i[u piess.

9. Selig, H.. Holloway, J.H. Top. Curr. Chein. 1984, 124, 33y.

10. Dibelcr. V.H.-I. Liston. S.K. J. Chiem. Phyvs. 1968, 4-', 4765.

11. EA(XeF') =IPIXc) + F.BE(XeF) - BE(XeF¼= 2. + 0.86 .2.1-! = 10.9 eV-

12. Emnara, A.A.A.: Schrobilgen, C.1J. J1. Chemn. Soc., (Chem., Comlmun. I 987. 11646.

13. Schrobilgen, G.J. J. Anm (hemi. Soc., Chem. Coinmun. 1 9M8 1506.

14. Emnara, A.A.A., G.J. Schroblilgen-, G.J. J.C.S. Chewl. C0111111,ri. 199x, 257.

15. Schrobilgen, G.J J. Am. Chern. Soc., Chern. Corniun. 19U8, 863.

16. MacDougall, PT1: Schrobilgerm, 0.1.; Bader, R.F.W. Inor-g. (Themn. 1989, 28, 763.

I-a, A.A A. l .! norý,. C2heu.. to he s~mhniited for DUblication.

18. 6J.. Schrobilgcn, G.J.: Hol-owan'y, J.H.. (iranger. 1P.; BreVaid, C. Inoig. Chew. 1978. 17. 9M0

91



19. Schrobil.eii, 6J. In NMR and the Periodic Table; lanris, R.K.; Mann, B.E., Eds.; Academic Pres,:

London. 1978, Chapter 14, pp. 439-454.

20. Jameson, C.J. In Multinuclear NMR; Mason, J., Ed.: Plenum Piess: New York, 1987, Chapter 18, pp.

463-475.

21. Olah, G.A.; Kiovsky, T.E. J, Am. Chem, Soc. 1968, 90' 4666.

22. Allen, H.C.; Tidwell, E.D.; [lyler, E.K, J. Chem. Phys. 1956, 25. 302.

23. Naulin C.: Bourgon R. J. Chem. Phys. 1976, )4, 4155.

24. Tsuboi, M'1. Spcctrochiin. Acta 1960, 10, 505.

25. This work.

26. Zalkin. A., Ward. D.L.; Biagioni, R.N.; Templetoi, DIH.; Bartlett, N. Inorg. Chem. 1978, 17, 1318.

2.7. illier, i.U.; Vincent, M.A. J. Chem. Soc., Chem. Commun. 1989, 30.

28. Koch, W. J. Chem. Soc., Chem. Cominun. 1989,-215.

29. Wong, M.W.: Radorn, L. J. Chem. Soc., Chem. Commun. 1989, 719.

30. Dixon D.A.; Ardueneo, A.J. lnorg. Chemri. 1990, 29, 970).

31. Gillespie. Ri... Schrobilgen, G.J. lnorg. Chem. 1976 15, 22.

32. Burgess, J., Fraser, C.J.W.; McRae, V.M.; Peacock R.D.; Russeil, D.R. J. lnorg. Nucl. Chem., Suppi.

1976, 183.

33. Gillespie, R.i. Netzer A.; Schrobilgen, G.J. lnorg. Chem. 1974, 13, 1455.

34. Schrobilgen, G.J., unpublished work.

35. Bartlett, N.; DeBoer, B.G.; HIollander, F.J.; Sladky, F.O.; Templeton, D.H.; Zalkin, A. Inoig. Chem.

1974, 12, 780.

36. Baitlett, N.: Wechsberu, M.. Jones, G.R.: Burbank, R.D. Inorg. Chem. 1972, 11, 1124.

92



37. Landa, B.; Gillcspie, R.J. lnorg. Chem. 1973, 12, 13N3.

38, Syvret, R.G.; Sl•irobilgen, G.J. Inorg. Chern. 1989, 28 , 1564.

39. Birchall, T.; Myers, R.D.; H. deWaard, H.; Schrobilgen, G.J. Inorg. Chem. 1982, 21, 1068.

40. Sanders, i.C.P.; Schrobilgen, G.J. unpublished work.

41. Agron, P.A.; Begun, G.M.; Levy, H.A.; Mason, A.A.; Jones, G.; Smith, D.F. Science 1963, 139, 842.

42. Herzberg, G. "Infrared and Raman Spectra of Polyatomic Molecules"; Van Nostrand: New York, 1945;

p 174.

43. Schrobihl•cn, G.J.; Val,,sd6ttir, N., unpublished work.

44. (a) Mason, J. In Multinuclear NMR; Mason, J., Ed.; Plenum Press: New York, 1987; Chapter 2, pp 11-

13, 19. (b) Howarth, 0., ibid.: Chapter 5, pp 151-152.

45. Pople, J.A.; Santry, D.P. Moi. Phys. 1964, 8, I.

46. (a) Jameson, C. J. In Multinuclear NMR: Mason, I... Ed.; Plenum Press: New York, 1987; Chapter 4, pp-

116-118. (b) Jameson, C. J.: Gutowsky, H. S. J. (Chem. Phys. 1969, 51, 2790. ic) Kuhz, R. W. Heil.

Chim. Acta 1980, 63, 2054. (d) Mason, J. Polyhedron 19X9, 8, 1657. (e) Wrackmeyer, B." Horchler, K.

In Annual Reports on NMR Spectroscopy: Webb, G. A., Ed,.: Academic Press: London, 1989; Vol. 22,

p 261.

47. King, C.M.; Nixon, E.R. J. Chem. Phys. 1968, 48. 1685.

48. Pure Appl. Chem. 1972, 29, 627: 1976, 45, 217.

93



LL

U-__

Ca

Ii

__11-i

000

LO

94



_ _ _ _ _ _CD

00

Q)

0

C1CD
95J

95



C)

"4 -0

- tE
I 0

K; E

lCD

C -)

tO

,72II

96



C0

L1L
0

0

14-

CD CL

(q-

97



-Cl

(3
LL

00

9B4



CM

CDC

t 

0

___________________________'4-

CMj

99



1:)

* ClO

100-



i - O ±0

CDIE

T- '

ICL
*

C0D

101



-0

(0

102



H-2~N-Xe-F' AsF.

v(H-'2C)

_13.(?4 ~N)
H- CN-Xe-F AsF6

H4A fn
3201%J f.JV9 i

uJ c -

10



H-"C=1 4N-Xe-F-AsF,

z~ 61

LLI.

__ I A I

H-'"C=-N-Xe-F*AsF,

NýL '(C -N Xe)

40 3- 0
z ~ )AV,*cmY

104J



257 J. CHEM. SOC., CHEM. COMMUN., 1988

The Fluoro(perfluoropyridine)xenon(ii) Cations, C5FsN-XeF+ and 4-CF 3C5F4 N-XeF+;
Novel Examples of Xenon as an Aromatic Substituent and of Xenon-Nitrogen
Bonding

Adel A. A. Emara and Gary J. Schrobilgen*
Department of Chemistry, McMaster University, Hamilton, Ontario L8S 4M7, Canada

The fluoro(perfluoropyridine)xenon(ii) cations, 4-RC 5F4N-XeF÷ (R = F or CF 3), have been observed in HF and SrF5
solutions (stable up to -30'C) and their AsF6- salts have been isolated from BrF5 solutions; low temperature Raman
and 129Xe, '$F, and 14N n.m.r. spectroscopic results are coi isistent with planar cations in which the xenon atom is
,c-ord,,,,ted to th,, arom•tic r"ng through tho lone p ir of ,.-..... v, on .th e .

Compounds containing xenon-nitrogen bonds have only been C3F7. C6F.').' In this communication we report the synthesis
characterized relatively tecentlv and include the neutral and characterization of two novel xenon-nitrogen bonded
species FXeN(SOF)2.i.2 XeINSO-F)2]2.2. 3 and XeIN- cations which, thus far. represent unique examples of noble
(SOCF.)2J2." and the cations XcN(SO.F:)h.. FIXeN. gas azoms functioning as aromatic ring substituents.
(SOzF):12'._-5 and the recently ieported series of nitrile Equimolar amounts of XeF÷AsF,- and the perfluoropyr-
cations R'C=N-XeF- (R' = II. CI1,. CHF. C,H._ C.F,. idine4-RCjF4 N (R = ForCF.). react in anhydrous HFat'-30
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Tabie L.N.m.r pitranuleres for the 4-RCF,N--XclH (R =F or CF,) cat~onn.-

Chemical shithstp p mn1 Coupling constantsil-z
h( 'NXe bl ''N) h( ''F) J(F-F) 'J('"`Xe-'"F) 1J(i-'Xe-14N)

CFj'J-YeF ,(HFý -2WC), -1871.9 -208 -148 3 FO) 24.6 F(l)F(2) 5930 236
- 89.7 F(2) - 21.2 F12) F(2)

11.5.4 F(4) -14 4 F(Z')F(3)
2.0 F(3)F(3)

-.19.5 F(3F(4)

C,Fjýl-XeF* (BrFt -30C), -1922.5 -139 6 FO) 25 3 F(l)F(2) 5926
-88.0 F(2)
-153.9 FW)
-11(1.1 F(4)

4-CFIC,FN -XcF *(HF: - 15C)- -18)2.6 -153.9 F(l) 25. 8F( I) F(2) 5977 238
-88 7 F(2)
-13h 2 Ff3)
-N) 9CF,

4-CF,CFN--XeF (BrF,; -S0'Q), - 518 4 - 144ti) F( 1) 25.8 F( I)F(2) 591'3
-86 9 F(2) -19.9 F(2)F(2,
-t I 2itFO)t 12 5 F(2)F(')
-.59 7 CF, -) IF(2')F0')

-2 7 F(3)r(3)
-20 4 W() F(CF,)

, Spectra recorded without an external lock ( field drift <! H-z h - 1) at an external field strength B,, 7 5 79 T using 9 mm o.d FEP
sample tubes. The corresponding spectrometer frequencies were 69.563 MHz (02"Xc). 184.075 MHz ('AN). and 235 361 MHz (1'IF)." Spectra were
referenced with respect to noma; liquid external standards at 24'C. XcOF, ('z'Xc). CHNO -,(14N), and CFCl, (19F). A pcsituve chemical
shift denotes a res~nance occurring to high frequency of the reference compound. ,For equilibrium reaction mixtures of XeF2 and
4-RCF.NH*AsF.- the following "IF environments were also observed: (i) R = F. -30T,. HF solvent: HF (-196.0 p~pm.). XeF2
1-200O pg-rn.. K,, 435 Hz. iJide.i)5660 Hz]. AsF.,- 1-69.4 p~pm.. broad saddle-shaped resonance arising from partial
quadrupole collapse of iJQ5As...NF)j. iiiid C.,F.%NH* IF2) -1003.2 p~pm.. F(3) -158.6 p~pm.. F(4) -108.6 p.p.m.1; (ii) R =F.
-30*C. BrF, solvent I-IF (-199 4 p p in., W,,2 244 Hz). Bri-, (Aumirui. 273.7 p~p~m. doublct. 1316.5 p~pm.; -J(FF) 76.5 Hz). XPF,
18 ("IF) - 187.4 p p m. b(izvXc) - 1629.2 p.p.m . iJ(i2'1Xc>'1F) 5643 Hzj, AsF,, (-64.0 p~pm. . w,,z 1780 Hz), CFNH,
1F(2) -96 8 p.p mi . Ff3) -154 5 p p.mn , F(4) - 103.2 p~pm, 1. (mi) R =CF,. -20'C. HIF solvent: HF (- 196.6 p~pm.). AsF.-
1-16) 9 p.p m., broad saddle-shaped reso)nance arising from partial quadrupo~le collapse of JU(IAs-liF)I. .1-CF,C-,FNH [ F(2) -98.5
p~pm.. F(3) - 136 1 p pm.. CF, -N) 7 p.p.m.l. (im) R =CF,. -510*C. EBrFý solvent: HF (- 193.1 p p.m.. iv,,, 150 Hiz. BrF,
lquinitt 273.2 p~pm.. 'doublet. 135 9 p~pm.: 2J(F-F) 76 4 Hzj. XcF, j(iMPF) - Ii31 2 p-p.m . O(1i'Xe) - 158';.( p~pm.. 1J(i:-iXc-PiF)
5654 Hz]. AsF.. (-637 p~pm.. wi.: 980 Hz). 4-CFCFJNH- IF(2) -86.2 p~pm.. F(3) -131.14 p~pm.. CF., -59.5 p p~m.l.
d Although observed. ittra-ning F-F couplings are not reported. The spin-spin coupling iJVi'1Xc-11N) is quadrupole collapsed in BrF,
solvent at -30 and -50*C

N1P*AsF,,. and 4-RCýFN-XcF, AsFh, (iictcrmined by
F13)AF(3) in.m.r. spectroscupy) (Ta'Oie 1). Removal of H-F solvent by

pumping at -50'C resulted in white solids which Raman
spectroscopy at -196*C also showed to be mixtures of

F( 2) N 'F(2~ 4- RC~tFN-XeF*AsF6-. XeF,, and 4-RC5FjNH -AsF,%-.
I An alternative approach which lead to isolation of the Xe--N

Xe ~bonded c-itions allovied stoicheiortictric amounts of XeF, and
FO1) the perfluoropyridinium cations, as their AsFfir salts, to react

ini HF and BrFý solvents at -30*C according to equilibrium
(6; * CI.)or F3)(3). The equilibria in both solvents were again monitored by(61 P- NOor C3) 1Xe. "IF, and 14N n.m.r. spectroscopy. In BrF3. formation of

to -20'C according to equation (1, and equilibria (2) and (3) 4-RC5F*N-XeF'1AsFA,- was more strongly favoured thani in
to give the novel Xe-N bonded cations. 4-RC,,F4N-XeF*. HF solvent; the equilibrium ratio 14-RC 'FNXeF~lt[4-
as the AsFA,- salts in solution. At -30*C thesse -,olutions RC FaNH1j being 0.25 and 2.1 in HF and BrF5 solvents.
consisted of equilibrium mlixtures of XeF 2. 4-RC5,F4- ri~spectively. at -30*Cfor R= F and 37 for R = CF 3 in frFs

at -50'C IKF = 4.5 at -30*C and KCF, 13.6 at -50'C in
4-RC.;FN + (n + 1)HFF .. 4-Rr7>FANH*(HF),,- (1) BrF., for equilibrium (3)]. Consequently, removal of BrF5

(1) (2 (3) .solvent under vacuunm at -30'-- yldc.dw vi:.c solids. corr-
sponding to 4-RCFN-XeF*AsF,- salts.

(3) + XeF*AslI:, .- 4-K:,FNI>1AsF,,.- + Xcff + ,t(2) (2) The Raman and n.m.r. spectroscopic findings confirmn the
(dl(5) formulations of the compounds isolated from BrF, solution as

AsF,,- salts possessing cation structures in which a xenon atoin
(4) + (5) =4-RCJ 1 N -Xer- AsF,,- + (2) (3) is co-ordinated to the aromatic pcrffluoropyridine ring (6).

(6) thus providing the fir~st examples of compounds in which the
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1000 HZ

-130 -140 -5
6(F p.pm fromr CFC13

(b) 1000 HZ

- 1850 -1900
6 (i29Xe) p pm from Xe0F,

Figure 1. N.m.r. spectra of the CIF,N-XeF- cation at -3(WC: (at) the "IF n.m.r. spectrum i .3 S .161 MH7: solvent BrFý) depicttng the
fluorine-oni-xenion(ii) rcgton of thc -spectrum and 12"Xe saitellites (dcrnoted by asterisks) arising from spin-spin coupling of the terminal
fluorine-on-xcnon to natural abundance 12"Xe. 'J ~~F I=1: 26.4%). the 1 .2: 1 iriplet fine stricture on the central line and
(he satellites is assigned to 1J[F( I)-F(2)l. (h) the -`Xe n.m.r. spectrum (69..503 Ml-z: solvent H-F) depicting the doublet arising from
1J(&iVXr-Vi'F) and partially quiadrupole collap~ed I : I:I triplets arising from xenon directly bonded to the nitrogecn of thc pyridine ring.

noble gas atoms serve as aromatic substituents. In addition to which the nitrogen atom a-bonded to xenon is sp hybridized
lines arising from the AsF,, anions fvl (a1~) 677. 680 cnr'i; (R'C-=N-XeF- 1.297-1.393 x 1022 N A- 2 m-3)6 and sp-2

V2(e,) 577 cm-'ý v.(t,,) 375 cm-il. several key frequencies hybridized [FXe-N(SOF)2 0.913 x 102211 is also consistent
have been asiigned. The Xe-N stretchii~g frequencies cart only with bonding between the sp' hybridized nitrogens of the
be tentatively assigned to weak bands at 367(2) (R =F) andl perfluoropyridines and xenon.
367(12) (R =CF,) cm-1 [cf. 422 cm-1 ill FXeN(SO2 F)2 j .-hole Other pyridine derivatives and nitrogen bases are currently
the F-Xe-N bends are assigned to moderately strong hands at being investigated as potential electron-pair donors towards
158(13) (R = F) and 162(13) (R = CF3) cm-'. The intense noble gas cations. X-ray crystallographic studies of the
band% in the Rarnan spectra of the suits occur at 528(100) (R = fluoro(perfluoropy.ridine)xlenon~it) cations. are also underway
F) and 524(100) cm-1 (R =CF3) and are assigrned to Xe-F in this laboratory.
StICWi.Aing frequencies. These frequencies. are higher than that This research was sponsored by the United States Air Force
of FXe-N(SO,F)2 (506 cm-i')I and lower than in the recently Astronautics Laboratory, Edlwards Air Force Base, California
reported nitrile cations. R'CEN-XcF* (564 and 565 cm'- for (Contract F49620-87-C-0049) and by a Natural Sciences arid

R'ý1-1 and Me. respectively)." reflecting the initermediate Engineering Research Council of Canada (NSERCC) operat-
base strengths of 4-RCFN: with respect to the Lewis acid ing grant.
XeF+. The latter point is corroborated by comparison of the
1
2

9Xe and 19F chemical shifts of the Xe-F groups within a well Received, 26th August 1987; Corn. 1260
established trend in which b(19F) increases in frequency with
incre-asing covalency of the Xe-ligand bond, while bt(I 2'Xe) is
observed to decrease. The nuclear spin-spin couplings References
IJ('2 Xe..J91) (doublet). 1J('?29Xe-.J4 N) (partially quadrupole I j. F. Sawyer. G. J1. Sebrohilgen. and S. 1. Sutherland. hiorg.
collapsed I;1::1 triplet), and 4J(FI-F I) (1 :2: 1 triplet) also Chtem.. 1982. 21, 4064.
support the proposed cation structures in solution (Figure 1). 2 D. D. DesMarteau. R. D. LeBlond. S. F. Hossian. and D. Nothe.
Owing to tt e higher viscosity of BrF. 1J(12'iXe-1i!N) is J. Am, Chem,. Sac.. 1981, 103. 7734.

qidmn riled at 50an H!-- 3 fl ;shkumotrh-r and G. J. Schrobilg-n. biorg Chtem-. !083. 22.
at -1 5 a nd -30'C. The magnitude of iI1(1'9Xeii-1N) r, 2179.
consistent with a one-bond I2')Xe-lIN coUpline.t 1 .3 1, On the 4 J. Forupoulos and D. ). [)csMartcau. 1. Ami. Chem,. Soc.. 1982.

assmpton ha the Fermi conitact contrii-utifn to the 11114, 42601.
assmpton aIS R. Faeeiani. D K. Kcnnepohi. C. I. L. Lock. and G. J.

i'9Xe-1iN spin-spin cou~pling, is dominanti. at cimpatrisun of Schrohilpen. Inorg. Client.- 1996. 25 563
the reduced couplingi cotitatits. 1K)Xe-N )j = 0.983 x 10('- 0 A. A. A. Ernaira and G. J1. Schrohilgcn. J. Chem. Soc.. Chiemii
and I K(Xe-N)( 0 (.991 x 10"~ N A -2 in -',. wijth those in Comneuiit., 1987. 16-44
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SECTION I. Trifluoro-s-triazine Adducts of XeF" AND XeOTeF 5*; Novel

Xe-N Bonding

INTRODUCTION

General Criteria Required for Ligands to Bond to Xenon

Numerous attempted preparations and successful syntheses of Xe-O

compounds have provided sufficient data for the formulation of several

general guidelines for selecting a ligand that may be s'• table for
bonding to xenon. Ligands exhibiting the following criteri. generally

satisfy the condition that the ligand must be capable of withstanding

the high electron affinity of xenon in its positive formal oxidation

states:

1. the ligand should form a moderate to strong monoprotic

acid,

2. each ligand has a high effective group electronegativity,

3. each ligand exists as a stable anion in alkali metal
salts,

4. each group forms a positive chlorine derivative.

For example, FXeOTeF5 and Xe(OTeF 5 )2 and the precursor acid, HOTeF.,

and its alkali metal salts M÷*OTeF 5 and the chlorine derivative CIOTeF 5

are known.

Xenon Nitrogen Chemistry

It was not until 1974, that the first xenon-nitrogen compound

was prepared.' The general approach was to use a ligand satisfying the

criteria listed above. To this end, a nitrogen ligand made highly
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electronegative by substitution w4.th electron ',,itldrawing S0 2 F groups

was selected. The reaction was shown to proceed according to equation

" (1).

CF %Cla

XeF. + HN(SO 2 F). > F-Xe-N(SO2 F)2 + HF (1)

OOC, 4 days

Owing to the instability of the product, the imidodisulfurly derivative

was not fully characterized until 1982 when definiti.a evidence for Xe-

N bonding was obtained in the form of the low- temperature crystal

structure2  (Figure 1). Several other compounds containing Xe-N-

(SozX) 2  (X = F, CF3) were also prepared (Table 1), however, the

aforementioned method was limited by the number of suitable electron

withdrawing groups which could be attached to nitrogen to provide a

sufficiently electronegative nitrogen ligand.

Lewis Acid Dehavior of XeF" and KrF÷

In,1987, the discovery that XeF" had Lewis acid properties,

and, as such, )would undergo reactions with nitrogen bases to form

adducts,7 significantly broadened the scope of xenon-nitrogen

chemistry, and noble-gas chemistry in general (Annual Report, May 1,

1987 - April 30, 1988 and references therein). In these acid-base

reactions, XeF÷ functions as an electron-pair acceptor towards the lone

pair on the nitrogen base of specific ligands, provided the ligand can

withstand oxidation by XeF". The elecLton affinity of X(..*- is
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Figure 1. Crystal structure of F-Xe-.N(SO2 F)h.



Table 1.

Xe-N Derivatives of the N(S0 2 X) 2 Group (X = F, CF3 )

Compounds Reference

FXeN(SO2 F) 2  2

[XeN(SO2 F),]÷AsF,-, 3

[XeN(SO2 F) 2 1÷SbF1 6- 3

F[XeN(SOaF)2J,"ASF,- 3,4

Xe[N(SO2 F) 2 ] 2  5

Xe[N(SO2 CF3 ) 2 12  6

Table 2.

Ionization Potentials of Some Nitrogen Containing Ligands

Ist Ionization

Compound Potential (eV) Reference

CF,CEN 13.90 9

HCHN 13.59 10

CH2 FCEN 13.00 ± 0.1 1i

CFvCEN 12.60 9

CHF2CEN 12.40 12

CH3,CEN 12.19 ± 0.005 13

s-C 3 FN 3  11.50 14

CHsN=C 11.32 15

C1F5N i0.08 16
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estimated to be 10.9 eV, 8  accordingly ligands are required to have

first ionization potentials exceeding 11 eV if they are to be capable

of forming stable adducts. Examination of the known first adiabatic

ionization potentials of several nitrogen containing ligands provides

insight into which ligands are likely to be suitable candidates for

adduct formation (Table 2).

The method of adduct preparation is generally straight

forward and involves the interaction of stoichiometric amounts of

XeF'AsF 6 - and a suitable organic nitrogen base in anhydrous HF solvent

or the interaction of a stoichiometric amount of a protonated base salt

with XeF2 in HF or BrF 5 solvents. Brief warming to -30 to

-20 0 C is generally sufficient to effect reaction and dissolution in the

s'olvent without significant decomposition. Vacuum pumping at -50 to-

30oC, resulted in the isolation of white solids, many of which are not

stable above -100C. Using this approach a large number of new xenon-

nitrogen compounds were recently prepared, including adducts with per-

fluoroalkylrnitrile cations7 (Figure 2) and perfluoropyridine cations 1 7

(Figure 3). Solid samples of a large number of these compounds have

been characterized by low-temperature laser Raman spectroscopy and

solutions of the adducts in HF and/or BrF 5 have been examined by 19 F,

S29"Xe, and 24N NMR spectroscopy.

Another cationic noble-gas species which was believed to

exhibit Lewis acid properties was KrFý which has an estimated electron

affinity of 13.2 eV. 3 2  Consequently, it was desirable to test the

hypothesis by allowing KrF+ to react with a suitable oxidatively

resistant ligand using the synthetic methods outlined above.

Unfortunately, KrF÷ proved to be more difficult to work with owing to

the fact that its salts are unstable near room temperature. In
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[H -C N - Xe -F] AsFG

[R-C=N--Xe-F] +AsFý

Figure 2. Hydrogen cyanide, alkylnitv-rile and perfluoroalkylnitrile

adducts of XeF-1AsFa6 .

/ ~NCcP's~i RF =CF3 t F

F F

Figure 3. Perfl~uoropyridine adducts of XeF",AsF,-.
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addition, KrF÷ undergoes autocatalytic redox reactions in HF solvent.

In view of these properties, the interaction of neutral KrF2 with

HC=NH÷AsFo- (1st IP of HCEN, 13.59 eV) in BrF5 was attempted. The

reaction proceeded according to equation (2) resulting in the formation

of HC=N-KrF÷AsF 6 -, the first species containing a krypton-nitrogen

bond.16

KrF 2 + HC=NH+AsF 6 - -- [HCEN-Kr-F]jAsF6- + HF (2)

The Trifluoro-s-Triazine Adduct of XeF-

The first.' ionization potential of trifluoro-s-triazine, s-

C3 FzN3 , (11.50 eV) indicated that it should resist oxidation by XeF÷
, f

and form a stable Xe-N adduct (Table 2). The synthesis of the trifluo-

ro-s-triazine adduct of XeF* was consequently attempted using HF as the

solvent at -100C. The presence of fluorinated ring byproducts from

this reaction demonstrated that trifluoro-s-triazine is subject to

solvolysis in HF, and attempts to prepare the compound in other

solvents also proved unsuccessful. Accordingly, the direct reaction of

solid XeFýAsFs- with liquid trifluoro-s-triazine in absence of solvent

was attempted. The synthesis of s-C 3 F3 N2 N-XeF÷ has recently been

reported, 1 " (see Section II) and is formed in the reaction of s-CaF3 Nz

w1tJI XeF*AsF 6 - according to equation (3)

V F

F / N + XeP-AsF6j F / NXFA 6  (3)

F 
F

1.14



The compound was characterized by low-temperature laser Raman spectros-

copy, 'IF and ' 2 9 Xe NMR spectroscopy.

Unlike other Xe-N compounds, the trifluoro-s-triazine adduct

exhibited remarkable stability at room temperature. In addition, the

solid XeF÷ appeared to react with a second mole of trifluoro-s-triazine

during the reaction, a feature unique to this system and the subject of

a portion of the present report.

Purpose and Scope of Present Work

In the present work we have undertaken to prepare noble-gas

compounds containing novel Xe-N bonds. In general electronegative

nitrogen organic bases with first ionization potentials greater than

the electron affinity of XeF* (10.9 eV)'0 have proved to be suitable

ligands for adduct formation. Trifluoro-s-triazine fulfills this

criterion and exhibits resistance to oxidation. Moreover, the XeF÷

adduct of s-C 3 F3 N3 has demonstrated remarkable stability at room

temperature. For these reasons s-C=FmN was selected as the ligand to

test the possibility of forming new Xe-N compounds from other suspected

xenon Lewis acids, namely XeF&÷ and XeOTeF 5 ÷.

In addition, the potential binding of a second mole of tri-

fluoro-s-triazine to the' xenon Lewis acid, XeF*, was examined using

low-temperature laser Raman spectroscopy.
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EXPERIMENTAL

Apparatus and Materials

The majority of compounds prepared and used in this work are

air and moisture sensitive, accordingly manipulations were carried out

under anhydrous conditions. Non-volatile air-sensitive solids,

XeF÷AsFa-, XeOTeFs5 AsF6 , XeFz÷SbFG-, Xe(OTeFm)2, Sb(OTeFs)S,

XeOTeFs5 Sb(OTeFs) 6 - were weighed and transferred to reaction vessels in

a dry box (Vacuum Atmospheres Model DLX; <0.01 ppm H2 0 and <0.1 ppm

02). Volatile reactants and solvents were transferred using glass or

metal vacuum lines.

Preparation and Purification of Starting Materials

Solvents. All solvents were transferred on a metal vacuum line

through all fluoroplastic connections. The former was constructed of

316 stainless steel, nickel, Teflon and Kel-F.

Sulfurylchlorofluoride, SOzCIF (Columbia Organic Chemicals),

was purified by distillation onto '.)F5 to remove SO2 contaminate, as

previously described.2 0  Subsequently the solvent was distilled (from

SbFs), into a glass storage bulb, equipped with a Rota-Flo valve,

containing dry KF to remove residual SbF 5 and HF. The purified solvent

was used directly from this vessel.

Bromine pentafluoride, BrF5 , (Ozark Mahoning) was purified

as described earlier 2' and stored over dry KF in a 3/4" Kel-F storage

vessel equipped with a Kel-F valve.

Anhydrous hydrogen fluoride, HF, (Harshaw Chemical Co.) was
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purified by treatment with.5 atmospheres of F2 gas in a nickel can for

a period of 1 month, converting residual water to HF and 02 gas. After

the specified time period, the excess F2 gas was removed under vacuum

at -196 0 C. The anhydrous HF was subsequently warmed to room tempera-

ture and vacuum distilled into a dry Kel-F storage vessel equipped with

a KeI-F valve and stored at room temperature until used.

Trifluoro-s-Triazine. Trifluoro-s-triazine, s-C2F3 Nm (Armageddon

Chemicals, Durham, N.C.) was treated prior to use, by transferring it

to a glass bulb containing anhydrous CaHz powder (British Drug Houses)

in a fume hood. Trifluoro-s-triazine was transferred on a glass

vacuum line equipped with J. Young 6mm glass/FEP valves (Figure 4)

using a glass vacuum distillation apparatus equipped with J. Young 4mm

glass/FEP valves (Figure 5). To avoid contamination of samples with

CaH., trifluoro-s-triazine was always transferred to an intermediate

preweighed evacuated glass bulb prior use in syntheses.

Xenon Cations Salts, Xe(OTeF 5 ) 2 and Sb(OTeFs).. Preparations of

XeF÷AsFo-, 2 2  XeF&÷SbF 6 -, 2 3  XeOTeF+AsFe-,24 Xe(OTeF5 ) 2
2 5  and

Sb(OTeF5 ) 3
2 6 are described elsewhere.
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to pump

20 cm

A C

Figure 5. Glass grease-free vacuum line; (A) manometer, (B) dry

nitrogen inlet, (C) liquid nitrogen trap.
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Preparation of Xe-N Compounds

s-CaFNzNN-XeF÷AsF6-. In a typical preparation 0.850 g (6.294 mmol) of

s-C 3 FaN3 was transferred to an evacuated glass bulb using a glass

vacuum distillation apparatus (Figure 6a) attached to a glass vacuum

line. XeF÷AsF 6 -, (0.281 g, 1.852 mmol), was weighed into a 1/4"1 o.d

FEP reaction vessel equipped with a Kel-F valve in a dry box.

Trifluoro-s-triazine was vacuum distilled onto the solid at -196 0 C

(Figure 6b). The sample was allowed to warm to room temperature and

left to react for 2 hrs. with periodic agitation to effect even

distribution of the liquid throughout the solid. Reaction was

generally apparent within 20 min. of mixing at room temperature,

resulting in the formation of a fine white solid suspended in excess

trifluoro-s-triazine. Upon completion of the reaction, the sample was

pumped under vacuum at room temperature for 40 min. to remove excess s-

C3 FN 3 . The yield wao 0.8489 g (96.7%) and the product was stable

indefinitely at room temperature. A Raman sample was prepared

according to the methods described later in this section, as were

solutions of the product in HF and BrFs for examination by '-SF NMR and

1 29Xe NMR spectroscopy.

Preparation of the Higher Adducts x s-C3F 3 N: XeFýAsF- (•: > 1). In

typical preparations of the title compounds, the weight of s-C3F 3 N3

required for the'desired stoichiometry was vacuum distilled into an

evacuated glass bulb. The required amount of XeF÷AsF6 - was
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Figure 6a. Vacuum distillation apparatus for purification of

s-C3F3N3.
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F'igure 6b. Glass vacuum distillation apparatus tior the preparation of

trifluoro-s-triazine adducts of XeF" and XeOTeF5
4 ".
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,ubsequently weighed into a 1/4" o.d. FEP tube in a dry box. Tri-

fluoro-s-triazine was distilled onto the solid and the reaction was

allowed to proceed for 2 hrs. The amounts of XeF-AsF6 - arid s-C 3 F 3N3

used in each reaction as well as the appearance of the mixture after 2

hrs. are listed in Table 3.

Upon completion of the reaction, the reaction tube was heat sealed

under vacuum at -1960C and subsequently examined by low-temperature

Raman spectroscopy.

Preparation of s-CF 3 N2N-XeOTeFs5 AsFs-. The title compound was

prepared from XeOTeF5AsF6- according to equation (4).

XeOTeF 5 -AsF6- 4+ s-C 3 F3 N - > sCaF3N2N-XeOTeFs*AsF6- (4)

Solid XeOTeF 5"AsF- ( 0.3379 g, 0.6047 mmol) was weighed into a 1/4"

FEP o.d. tube in a dry box and excess s-C3 F3N 3 ( 0.5686 g, 4.212 mmol)

was distilled into an evacuated glass bulb on a glass vacuum line.

Trifluoro-s-triazine was distilled onto solid XeOTeFP*AsF6- and the

mixture was warmed to -100C. A color change from yellow to off-white

was immediate and the reaction was allowed to proceed for an additional

10 min. at -10 0 C and 5 min. at 0OC. The mixture was subsequenftly

pumped under vacuum at room temperature for 20 min. to remove excess

s-C 3 F3N3 . The product was an extremely fine white solid which was

stable at room temperature. The yield was 98.7% based on a 1:1

combining for XeOTeF 5 ÷AsF6 and s-C 3 F3 N3 . Solid samples for Raman
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Table 3. Preparation of the adducts, x s-CaF3N3 : XeF÷AsFa-;

amounts of reagents and appearance of products.

s-C3FaN3 XeF"AsF6- Appearance

x (g) (mmol) (g) (mmol) of Products

1.243 0.2834 2.097 0.5724 1.687 dry white solid

1.497 0.3374 2.498 0.5649 1.665 dry white solid

2.317 0.4460 3.303 0.4833 1.425 dry white solid

3.007 0.3669 2.717 0.3052 0.8998 dry white solid

4.951 0.6662 4.933 0.3880 0.9646 suspension of

white solid in

liquid s-CaF3N3

1.23



spectroscopy, and I*F NMR and 12 '2Xe NHR samples in BrFs solvent were

prepared as described later in this section.

Preparation of XeOTeFs÷Sb(OTeF 5 ).-. The title compound was prepared

by the following series of reactions:

SbF3 + B(OTeFs) 3  - > Sb(OTeF 5 )3 + BF2 (5)

3XeF 2 + 2B(OTeFz)a > 3Xe(OTeFa) 2 + 2BF3 (6)

2Xe(OTeF&) 2 + Sb(OTeFo), - > XeOTeFz"(SbOTeF5)6- + Xe (7)

Xe(OTeFs) 2 (3.40S g, 5.601 muiol) and Sb(OTeFs)a (2-.15 g, 2.763 mmol)

were weighed in a dry box, then combined in a 1/2" o.d. FEP tube

equipped with a Kel-F valve and maintained at -196 0 C. The tube was

transferred to a metal vacuum line where SO2ClF was distilled onto the

cold solids. The mixture was slowly warmed from -400C to -10oC.

However, the reaction was slow, consequently the temperature was

raised to Oc resulting in the generation of a bright orange solution

and steady evolution of xenon gas. The evolved xenon gas was bled off

periodically, and the reaction deemed to be complete when xenon

evolution had, ceased. Upon completion of the reaction, the mixture was

pumped under, vacuum at Oc until a pale orange powder was obtained,

then further pumped at room temperature for an additional hr. The

yield of the product was R6.3%, A solid Raman sample, and solutions of

the product diusolved in SOClF for examination by "'F NMR, were

prepared by mtLhuvz des-cr-- later In tA L
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Preparation of s-C 3 F 3N2N-XeOTeFs"Sb(OTeFa).-. The title compound was

prepared from XeOTeF,-Sb(OTeFs) 6 - in a manner analogous to the

synthesis of S-C 3F 3 N2N-XeOTeF"AsFs-. XeOTeF 3 ÷Sb(OTeFs)G- (0.5197 g,

0.2702 mmol) and excess s-C s F3N3 were combined in a 1/4" o.d. FEP tube

equipped with a Kel-F valve and warmed to -200C at which point an

immediate color change from orange/yellow to off-white occurred. The

reaction was allowed.to proceed for 5 min. and was then pumped under

vacuum at OC for 20 min. to remove excess trifluoro-s-triazine. The

product was an extremely fine off-white grey solid, yield 98.6%. The

solid Ram in sample as well as a sample dissolved in SOaClF for 2'F NMR

spectroscopy were subsequently prepared from this material.

Reaction of XeF 3 ýSbFG- with Trifluoro-s-Triazine. In a typical

reaction solid XeF3ýSbF.-, (0.3183 g, 0.7490 mmol) was transferred to a

1/4" o.d. FEP reaction vessel equipped with a 316 stainless steel'metal

valve (Figure 7) and attached to a glass vacuum distillation apparatus

by means of Air Drome AN fittings. It was necessary to use a metal

valve and fittings as solid XeF 3 -SbF.- is a potent oxidant which is

known to attack and rupture Kel-F. Excess trifluoro-s-triazine (0.5276

q, 3.907 mmol) was vacuum distilled onto solid XeF=÷SbFe- using a glass

vacuum line,

.25



Figure 7. Metal valve assembly used for reactions involving XeF3"SbF.,
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and the samples were warmed to -30 0 C at which point a color change from

yellow to white occurred within 5 min. The sample was warmed further

teo OoC, and allowed to react for a further 30 min. Upon completion of

the reaction, the samples were pumped at OOC for 20 min. to remove

excess s-CmF 3 N3 . The product was stable at room temperature. Samples

for 1-9F NMR, 12 OXe NMR and Raman spectroscopy were prepared according

to the methods described later in this section.

Nuclear Magnetic Resonance Spectroscopy

Several different containers were used for NMR samples

depending on the nucleus under investigation and the solvent used:

Nucleus Solvent Sample Tube Materials and Dimensions

m2"Sb S0 2 CIF 9 mm o.d. FEP tube for insertion into Wilmad

thin wall 10 mm o.d. precision glass tube

1 g9Xe BrFs 9 mm o.d. FEP tube for insertion into Wilmad
S0 2 ClF thin wall 10 mm o.d. precision glass tube

%9F HF 4 mm o.d. FEP tube for insertion into Wilmad

thin wall 5 mm o.d. precision glass tube

19F BrFs Wilmad precision 5 mm o.d. medium wall glass

tube

SSO 2 Cl F

Solid samples were transferred to NMR tubes in a dry box and sufficient

solvent was distilled onto the solid to effect dissolution. The tubes

were subsequently heat sealed under vacuunt between -I1G OIC, and ctored
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in liquid nitrogen. All spectra were recorded on a Bruker WM-250 pulse

spectrometer at an external applied field strength of 5.8719 Telsa.

Aie observed frequencies for -F, '- 2 "Xe and •2Sb were 235.36, 69.50

and 59.86 MHz, respectively. NMR spectra were referenced externally at

24 0 C using the following reference substances: CFC1 3 (neat ýOF), XeOF 4

(neat, •'1Xe), Et 4 N*SbFa- (0.1 M in CHaC=N). Free induction decays

were accumulated in a 16K or 32K memory with spectral width settings

between 10 and 25 KHz yielding data point resolutions of 1.6 to 6.0 Hz.

The number of scans obtained varied with each sample, with 1 9 F spectra

generally requiring 500-2000 scans, and '12 1Sb and 19 Xe spectra

requiring between 1000 and 10000 scans for sufficiE, t signal to noise.

Laser Raman Spectroscopy

Excluding reaction mixtures x s-C 3 FNC3F3N3 : XeF* where x >

1, all Raman spectra were obtained from solid samples in sealed preci-

sion medium wall glass NMR tubes (Wilmad 5 mm o.d.) A Coherent Nova

90-5 argon ion laser, providing up to 5 W at 514.5 nm was used as the

excitation source in conjunction with a Spex ladustries Model 14018

double monochromator equipped with 1800-grooves/mm holographic grating.

The spectra were accumulated using a RCA C 31034 phototube detector

combined with a pulse count system (Hamner NA1l) consisting of a pulse

amplifier analyzer (Hamner NC-li), and a rate meter (Hamner N-708 A).

Spectra were recorded using a Texas Instruments Model FSOZWBA strip

chart recorder. The spectrometer was periodically calibrated by

recording the discharge lines from an argon lamp over the spectral

range of interest, and the Raman shifts quoted are estimated to be
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accurate to ±1 cm-'. Slit widths were set to 150, 200, 200, 150 mg and

all spectra were recorded at a chart speed of 0.5 cm-'/s with gains

between 10K and 100K, and time constants between 0.25 and 1.0 s. The

approximate power of the beam at the sample ranged from 0.60 to 0.93 w.

Sample tubes were mounted vertically in an unsilvered Pyrex

glass Dewar filled with liquid nitrogen such that the angle between the

incident beam and the sample was 450 (Figu.re 8). In cases where

immersion in liquid nitrogen was insufficient to prevent decomposition

at the site of excitation the sample was rotated to effect increased

cooling.

129



LIQUID N2 0(

i ] DETECTOR

UNSILVERED DEWAR -"----

LSRBEAK

Figure 8. sample holder for recording laser Raman spectra at -196 11C.

130



RESULTS AND DISCUSSION

INVESTIGATION OF (C 3 FaN2 N) 2 -XeF-AsF 6 -

As noted in the introduction, the reaction of trifluoro-s-

triazine with XeF' resulted in solid white products, even when a

significant excess of liquid s-CFN 3 was employed. It was speculated

that at least two moles of s-C3FN 3 may be coordinated to Xe(II). To

investigate this possibility further, a series of x s-C3 F3 N3 : XeF÷-

AsF6- reaction mixtures was prepared. Since removal of excess s-C 3 F3 N3

from the products by pumping under vacuum at room temperature invari-

ably resulted in the formation of the thermally stable 1:1 adduct, s-

CFj3 N2 N-XeF"ASF 6 -, the reaction mixtures were heat sealed under vacuum

in FEP tubes at -196 oC, and subsequently examined by low-temperature

Raman spectroscopy.

Raman Spectra

A comparison of the Raman spectra for the reaction mixtures

(Table 4) with the spectrum for s-C 3 F3 N2N-XeF÷AsF 6 - (Section II)

indicated that there was a definite change in the most intense band,

characteristic of the Xe-F stretch from 544 in s-C 3 F3N2N-XeF*AsF 6 - to

560 cm- 1 upon addition of excess s-C 3 F 3 N3  (Figure 9). This high-

frequency shift of the Xe-F stretch is indicative of strengthening in

the Xe-F bond, resulting from increased Xe-F character in the resonance

structure of the'adduct

F-Xe-L - F-Xe* L-
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Table 4. Some key Raman frequencies XeF÷AsF6 - and s-C 3 F 3 N2 N-XeF-AsF6 -

.x s-CaFaN3

Frequency, cmm

s-C 3 F 3 N2 NXeF÷AsF6 - s-C 3 F 3N2 NXeF÷AsF 6  Assignment
-x s-C 3 FzN3a_

1504(10) 1510 a-, sym breathing

648(20) 648,641 a, ring breathing, all
atoms in phase

553(53) -- a1 , Xe-F

544(100) 560 aL, Xe-F

156(23) 157 b., b2, 6(C-N-Xe)

110(15) 94 b,, b,, 6(N-Xe-F)

Peak positions invariant for s-C 3 FmN 2 NXeF÷AsF 6 -- x s-C3 F3 N3 adducts,

but the intensity varied.
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Other vibrational frequencies associated with the s-C3F 3 N2 NXeFr cation

were also found to be shifted.

In general, the spectra obtained for the different x:l

ratios were very similar, the major difference being relative Peak

intensities, with little apparent change in peak positions. Unfor-

tunately, the peak intensities were shown to vary while scanning the

spectre, preventing a rigourous analysis of the effect of increasing

the ratio of trifluoro-s-triazine XeF*. The variation of peak

intensities is thought 1o arise from dissociation of the more weakly

bonded excess s-C3 F3N3 adducts in the laser beam. No such intensity

variation was observed in the spectrum of the 1:1 adduct s-C 3 F3 N2 N-

XeF÷AsF -.

One prominent spectra3. feature which deserves special

mention is the fact that even as x approached 1, the most intense

peak, corresponding to the Xe-F, stretch occurred at 560 cm--, and was

invariant. However, below the 1:1 ratio, only one Xe-F stretch at 544

cm-n was present, corresponding to that of XeF*AsFC-. These results

art? significant in that they indicate a product with a different Xe-F

bond was formed even when little excess trifluoro-s-triazine was

pretent. Consequently, the formation of a simple (C3 F3 N2 N) 2-XeFr

monomer is unlikely, since it does not account for the change in

bonding at x:1 ratios less than 2. To explain these results it is

necessary to postulace the formation of a polymer in which each XeF÷ is

bonded to two trifluoro-s-triazine rings and which immediately

converts, under vacuum, to the monomeric 1:1 adduct s-C 3F 3N2N-XeFýAsFc-

upon removal of excess trifluoro-s-triazine. One possible structure
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for such a polymer is suggested below [Structure (1)1. Branching in

the polymer is unlikely because it could only occur where XeF÷ was

bonded to three s-CzFaNN molecules, consequently one can only account

for the higher adducts by postulating the formation of cyclic s-

C3 F3 N2NXeF÷AsF 6-'x s-CzF3 N3 polymers.

N - X e 
F

N F N X6
N-X F

F

I -

If polymeric s-C3F 3 N2NXeF÷AsF 6-x s-C3F3 N3 structures do

exist, they might be expected to have the novel AX3 Ea VSEPR arrangement

of lone pairs and bond pairs about the central xenon atom. Two

representations of this geometry are given by Structures (II) and

(III) . Of the two possibilities, Structure (II) is more likely because

it minimizes the lone pair - lone pair repulsions relative to the only

other alternative, the facial isomer represented by Structure (III).

In either case, the binding of the second mole of trifluoro-s-triazine

to Xe should result in a lowering of the electric field gradient at the

xenon nucleus sufficient to significantly decrease the quadrupole

splitting in the 1IPXe M6ssbauer spectrum. Presently, 1 2 9 Xe Mossbauer

s.... co ar. . pending; it is Axoected that they may provide further
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insight into the local environment of xenon in the s-C 3 F3 N2 N-XeF+AsFo-

-x s-C 3 F3 N3 systems.

F F

II III

REACTION OF XeFm*SbFc- WITH TRIFLUORO-s-TRIAZINE

In light of the resistance to oxidation exhibited by the

trifluoro-s-triazine ligand, the direct reaction of the ligand with a

salt of the Xe(IV) cation, XeF 3 t, was attempted. The salt, XeFC3SbF.-,

was selected in the hope that it, like XeF'AsFC-, would exhibit Lewis

acid characteristics, providing a means of preparing the fiLst example

of Xe(IV) bonded to nitrogen. The XeF3 - cation is, however, a more

potent oxidant than XeF- and could possibly oxidize the base upon

adduct formation.

'9F and '2 9Xe NMR Spectroscopy

The 10 F and 1
2 9Xe chemical shifts and coupling constants of
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the products in BrF, (Table 5) gave no evidence for the formation of

the desired compound, s-C 3 FN 2N-XeF 3•SbFJ-. In fact, the l uXe

spectrum shows no peaks Jin the Xe(IV) region (-663 to +595 ppm), and a

doublet in the Xe(II) region with a chemical shift similar to that of

s-CF 3 N2 N-XeF÷AsFC- (Figure 10). Furthermore, the chemical shifts and

splittings in the F-on-C region of the 'F spectrum (one triplet (IF),

one doublet of doublets (2F), Figures 11 and 12), and the F-on-Xe

region (triplet with 12 Xe satellites, Figure 13) correspond to those

obtained for s-C.F4•N 2N-XeF- (Figures 14 and 15), indicating Xe(IV) has

undergone a two electron reduction to Xe(II) to form of S-CFJNaN-

XeF-SbF6-(Table 5). It should be noted that the •'Xe is an NMR-active

nucleus having 26.44% natural abundance. consequently, 26.44% of the

fluorines bonded to Xe couple with 12"Xe to produce satellites which,

owing to shielding anisotropy, do not exhibit the fine structure of the

central multiplet (Figures 13 and 15).

The oxidized product of two trifluoro-s-triazlne molecules

coupled through nitrogen [Structure (IV)] accounts for the remaining

multiplets in the "IF spectrum (Table 5), and the reaction was deter-

mined to proceed according to equation (8).

(8)

F F
XeIF,3 SbF - 3 S-0 3F 3N3 32W N .-.N

u- 3 F3 N 2N-XcF-SbF6  ± N --N
1 3 / / F
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(a)

-134 -,--- 3-- _ - •,. G. ,

- LS .1;40 -JS4l

129Xe (ppra from Xe0F.)

(b)

-Spt -P1* .iI, l .514 -141 314-SI -I

6 129Xl(PPm from XeOF 4 )

Figure 10. 1 2 9 Xe spectrum (69.563 MIz) of s.-C3 F 3 N2 N-XeF+ASF 6 - in

(a) IBrF5 at -b0"C illustrating quadrupole collapse of the 1 2 9 Xe-

14N coupling and a doublet ar-ising from 1 j[ 1 2 9 Xe-1 411], and (b) IIF

at --5 showing Ij[ 1 2 9 Xe-I 9 F3 and the partially quadrupole

collapsed 1:1:1 multiplet arising from 1 J[ 1 2 9 Xe- 1 4 N] coupling.
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Table 5. NMR parameters for s-CZF 3 N.N-XeF'ASF6- arnd products resulting

from the reaction of XeF3 -"SbFG6 with trifluoro-s-triazine-0

63-bF6 2 2
oXe Coupling Consits.

Sample Species PPM PPM Hz

s-C3F3 N2N- S-C3 FaN2N- F(i),-145.6 -1862 -J[F(l)-F(2)1,1O.9

Xe>-AsFa- XeFO, [D,lFI [DI

F(2) ,-26.2 `J[F(2Z)-F(3) 1,13.3

[T,2F]

F(3),-8.7 mJ[T9 F-3'2 9 Xe],5932

[T, iF]

s--C-3 F3 N3 + s-C3 F3N2N- F(1),-1.45.O -1858 -JIF(l)-F(2)I,11..6

XeF3
4-SbFa- XeFý (D,1F] (D)

rxn. prods. F(2),-25.4 4'J[F(2)-F(3)I,14.6

[d.d. ,2F]

F(3),-8.1 IJ11'9F-x2%Xe],5917

[T, iF]

(C3F4N2N-)2 F(I'),-36.9 4 J[F(I')-F(2')],17.4

[T,4F1

Id.o~t. ,2F1

[dG~t. ,'LF

Recorded in BrF5 SO"1vNfPnt -It ..50OC-
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Energy calculations performed on the coupled ring product using the

computer program MODEL indicate the minimum energy conformation is one

with two fused boat forms of the coupled six membered rings depicted by

Structure (IV). This geometry accounts for the presence of three

multiplets in the 19 F NMR spectrum arising from three non-equivalent

fluorines and their accompanying spin-spin couplings (Figures 11 and,

Figure 12).

IV

COMPOUNDS CONTAINING NOVEL N-Xe-O LINKAGES

In addition to XeF÷, XeOTeF,• has been known for some time

and is expected to exhibit Lewis acid -properties. The salt,

XeOTeF 5 "ASF 6-, can be prepared in good yield according to the following

series of reactions:

XeF2 + B(OTeFs)a > Xe(OTeFs)z + BF 3  (9)

Xe(OTeFz)z + XeF2 > 2FXeOTeF 5  (10)

?FXeOTeF 5 + AsF 5  > XeOTeFs*'AsF 6 - (Ii)
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Because the XeOTeF5, cation readily undergoes solvolysis in HF and

BrF5 , the only solvents suitable for the preparation of the previous

series of Xe-N adducts, its potential use as a Lewis acid has never

been investigated. 2 4 Fortunately, the direct interaction of XeOTeF ÷A-

sF6 - with trifluoro-s-triazine requires no solvent, and XeOTeFSIAsF 6 -

has been used to prepare S-C 3 F3 N2N-XeOTeF 5 AsFa-, the first compound

with an N-Xe-O linkage, according to equation (12).

XeOTeF&÷ASF 6 - + s-C 3 F 3 N3 -- > s-C 3 F3N2N-XeOTeFs-AsF 6 - (12)

39 F and -29Xe NMR Spectroscopy

The product, s-CaFzN2N-XeOTeF 5 IAsF 6 -, proved to be insoluble

in S0 2 ClF and was subject to solvolysis in HF. Accordingly, it was

necessary to use BsrF5  solvent fur NIzR sample p~eparation, though the
f

XeOTeF 5 ÷ group undergoes solvolysis with BrF, resulting in the

production of TeFs and bromine oxofluorides, equation (13).

XeOTeF 5 'AsF 6 - + BrFs > XeF 2 + BrOF 2 ýAsF 6 - + TeF 6  (13)

Fortunately, reaction of s-C 3 F3 N2N-XeOTeFs÷AsF,- with the solvent was

slow and incomplete at -500C, and peaks indicative of the novel cation

could be identified in the 29 F spectrum (Table 6).

The "F NMR spectrum of the compound was quite complex owing

to the fact that the equatorial and axial fluorines of the -OTeF5
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Table 6. NMR parameters for S-C3 F3 N2N-XeOTeF5'0AsFa-, s-C3 F-,N2N-

XeOTeFsýSb(0TeFs)&-J and XeOTeF5 -Sb(0TeF5 )6-

6:L9F 811
2 Xe Coupling Consts.

Compound Species (ppm) (ppm) (Hz)

s-C3 F3 N2 N- s-CaF 3N2 N- F(2),-26.81 -2250" -J[F(2)-F(3)1,14.4

XeO~eF5 ý XeOTeF5 ' [D,2F] IS]
AsF6 - Asa (3),9.0 -J[Fa..-F..sq1,77.4

[T,1FI
AB,, 1J[F..,-' 325Te] ,3723

F.-8.4
- F.c,,-43. 1

s-C3 F3N2N- F(1'),-145.0 -1863 4LJ[F(1')-F(2')j,11.3
XeF""AsFc6 ' IT,1F] [D]

F(2 ) ,-26.0 AJ[F(2t )--F(3 0 ) j,14.6
Iid.d. ,2F1

TeF6s --F,-53.3 [S]m- ~ .[L9F-'x 2 Te1, 3739

Ij1J[0F-3-2 3 Tej ,3102

Xe0TeF5 -* XeOTeFs"- XeOTeF5, AB 4 ,3 -1 4 5 7 "1 -J[F..,,F.,q],-2 7 4 .7

Sb(0TeFj 6  F.,,, -46.0 [D]
FMC& r -40.7

Sb(OTeF5.)& -bCeF AB4 ,
"OF, -42.4

s-CaF3 N2N- s-C 3 FsN 2N- F(2),-25.6- -J[F(2)-F(3)i,14.5
XeOTeFB- XeOTeF5 -' [D,.2F1

sb(0TeF5 )G&C- (),- A.1 'j[F-x 2 9 Xe1,24.78
[T, iF]

XLeOTeF5' ABA, 2 JF a.- F .1,18 7
F..,c-47.1
F.m,,,=42.3 2.j F.ý.- X 2 5Te],37l9

Sb(OTeF5) 's AE., 1-J[' 9 F-"7z5 Te1,3558
xOF,-42 .6

ILBrFs, -550C. 21B rFs, -510 C. SOClF, -510C. "LSO2CIP, 25
0 C.a

'
1 2 1 Sb spectrum obtained in S02ClF at 250C. 612z'LSb, -13.21 ppm, broad

singlet. 'ýspectrum obtained in S0 2CI.F at -510C after warming to room
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group give rise to an AB. spin system consisting of 25 transitions

(Figure 16). It is interesting to note that line 1 of the AB. pattern,

which denotes the chemical shift for the lone axial fluorine, is

sharper than the rest of the peaks, as is predicted by theory. 2' In

addition to the AB4 pattern, the spectrum of s-C 3 F 3N 2N-XeOTeFa÷AsF-"

gave rise to two multiplets in the F-on-C region; a doublet with 12Xe

Eatellites, and a triplet (Figure 17).

Additional multiplets arising from TeF., s-CFN 2N-XeF÷AsF&,

(Figures 17 and 13 and Table 9) and a broad peak attributed to BrF.

were also present (Figure 16). satellites arising from coupling of "IF

with '-5Te arid 1 2 3 Te (Table 6) are evident for the strong TeF 6 peak.

XeOTer 5FSb(OTeFs)-•

Although s-C 3 FaN 2N-XeOTeF.÷ASFC- was successfully prepared,
U

the XeOTeF 5 ÷AsFF- Lewis acid could not be used in other Xe-N adduct

preparations for lack of a suitable solvent. Other potential ligands

such as nitriles and pyridines could not be allowed to react as neat

compounds owing to their previously demonstrated. thermal instabilities

at or near room temperature. To add;ess this problem

XeOTeF 5 ýSb(OTeF5)C- was prepared in the nojpm, t the. drcreased

polarity of the sb(OTeF 5 )J- anion relative to ASFE- anion would

facilitate its low-temperature dissolution in SO2 CIF (m.p., -124 0 C), an

inert, low-polarity solvent. It- was hoped this synthetic approach

would allow the formation of adduct species with XeOTeFr• and other

more reducing nitrogen bases at low temperatuled.

Xe0TeFs 5 Sb(OTeFs)J-, the first fully substituted OTeFu salt
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prepared to date, was prepared using the redox synthesis described by

equation (14).

2Xe(OTeFn) 2 + Sb(OTeF)_, > XeOTeFs-Sb(OTeF5) 6 - + Xe (14)

Dissolution of the product in SO 2 CIF at -500C resulted in the

formation of a bright orange solution and demonstrated the high solubi-

lity of XeOTeF 5 ÷Sb(OTeFz)%- in SO2 CIF at low temperatures. Chemical

shifts and coupling constants obtained using "OF, 22rXe and •12Sb NMR

confirm the presence of XeOTeF5÷Sb(OTeFs) 6 - (Table 6). The 19F NMR of

the product was very complex, owing to the presence of two AB4 patterns

arising from the -OTeFD groups on Xe and Sb (Figure 19). Although the

AD. spin system for the 0TeFn group on XeOTeF5"• was better resolved

than that for the anion, owrng to inconmplte resolution of the indivi-

dual transitions in the B. region of the cation spectrum, only approxi-

mate chemical shifts and coupling constants for the axial and

equatorial fluorines of the cation could be obtained (Table 6). The

AB 4 pattern arising flrom the Sb(OTeFn),- anion was very severe, and

only one approximate chemical shift for the two fluorine environments

could be obtained (Table 6). Owing to the severity of the latter AB4

pattern, a high-field NMR instrument will likely have no significant

effect on the observed resolution, and it is expected that computer

simulation wlll be necessary to obtain even approximate chemical shifts

and coupling constants. Tellurium-125 satellites for the AB4 pattern of

the anion were also observed (Figure 19).

The "2Xe spectrum of the XeOTeFa4 Sb(OTeF.) 6 - consisted-of a
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broad quadrupole collapsed peak at -1457 ppm, which is within the

expect'ed range for Xe(II). The '-21Sb NMR spectrum was also a broad
4.

singlet, (-13.21 ppm, Wk = 1650 Hz) resulting from partial relaxation

of '1 2 Sb in a near-octahedral environment of six OTeF. groups.

s-C3F3N2 N-XeOTeFs5 Sb(OTeFs) -

The Lewis acid properties of XeOTeFaýSb(OTeFs) 6 - were

studied by allowing the solid to react with trifluoro-s-triazine at

OOC. The reaction was immediate, and proceeded according to equation

(14)

XeOTeFa÷Sb(OTeFs)s- + s-C 3 FaN 3

s-CzF 3 N2N-XeOTeF 5 -Sb(OTeF 5 )6- (14)

The product proved to be soluble in SO2CIF at low temperatures, and the

"O9F NMR confirmed the presence of s-C 3 FaNzN-XeOTeF 5 +Sb(OTeF 5 )J- (Table

6). Owing to the presence the two AB. spin systems, the 1 •F NMR

spectrum was again very complex (F gure 20). The AB4 pattern for the

Sb(OTeF5 ) 6 - anion was severe, and only one "-F chemical shift could be

obtained in addition to the tellurium satellite couplings LJ[•F- 1 2 5 Te]

and lJi[jF-1 2 3 Te] (Table 6). The AB4 pattern corresponding to

XeOTeFs+ was better resolved, and it was possible to determine chemical

shifts for the axial and equatorial fluorine environments in addition

to approximate values for 'J[1 9 F-1 25 Te] (Table 6). Fortunately, the

multiplets arising from fluorines bonded to carbon (Figure 21) were

well resolved, occurring at significantly higher frequencies than the

154



10 J0
0'.

44 0~ r'-&
F44

041 00

n (o

F-

-Ic IL!
on.4.

H

C-)

-~ 0
o N A

Y44 -On

Z z

Y-K

155£5.



(00

m
(Dq

10
I-' 4J

(0 0

(D

10,

.00

zz

CD .,I

7 tA

in

CV ou

OLc
J-6 M~

156



complex AB4 patterns, thus affording ready measurement of the coupling

constants and chemical shifts (Table 6). Xenon-129 NMR spectroscopy

studies are presently pending.

It should be noted that some evidence for the presence of

byproducts was obtained, however, it is believed that decomposition

occurred when the sample was warmed to 25 0 C prior to obtaining the

spectrum at -50 0 C. Future work will consequently entail '-F NMR

characterization of s-CzF3N2 N-XeOTeF•÷Sb(OTeF 5 ),- at temperatures not

exceeding -30 0 C.

Raman Spectroscopy

The Raman spectrum for s-C 3 F3 N2 N-XeF÷AsF6- was assigned on

the basis of the vibrational assignments for of s-C 3 FsN3  under D31,

symmetry, 3A2' + 4A2 ' +- E' _. 2A;" + 2E". 2 7  Forration of the XeF÷

adducts of trifluoro-s-triazine lowers the ring symmetry from D., to

Cz,, accordingly, 21 bands ( 3N - 6, N 9 ) for the triazine moiety of

s-C 3 F3 N2N--XeF÷AsF6- are expected, 8AI + 4B, + 7Bz + 2A 2 . In addition,

the XeF- moiety gives rise to 6 bands, [Xe-F stretch, A,; Xe-N

stretch, A,.; 6(N-Xe-F), B.; 6(N-Xe--F), B2 ; 6(C-N-Xe), BI; 6(C-N-Xe),

B•] resulting in a total of 27 bands for s-C3F3 N2N-XeF- (10A, + 6B, +

9B 2 + 2A,) (Table 7). The octahedral AsF&- anion is expected to give

rise to three additional bands in the Raman spectrum, namely, vz(a,),

vz(e.), and v5 (t2q) (Table 7).

The vibrational 'Raman assignments for the XeOTeFs5 group in

s.-C 3F 3N2 N-XeOTeF5,÷b(OTeF 5 )•- and s-C 3 F3N 2N-XeOTeF-'AsFm- are by

analoav with XeOTeFsBAsF 6 - 2" (Table 7). In both cases the symmetries
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of the cations are assumed to be low (C. or di); for the purposes of

this discussion and labelling, C. symmetry is assumed. in either case,

all the modes associated with the XeOTeF 5 ÷ group are expected to be

Raman active (IIA' + 7A" under C. and 18A under CT).

The modes associated with the OTeF5  group of the ani(.

Sb(OTeFz) 6 - were very difficult to assign owing to their proximity to

the OTeFs bands of XeOTeF&÷. The only Sb(OTeF!)s- band assigned is

that corresponding to the intense and strongly coupled Sb-O-Te

stretches.

In general, one would expect the less electronegative OTeF 5

group (3.38 relative to 4.10 for F on the Allr' chow / Pauling

scale) 2 " to give rise to a more covalent Xe-N adduct -an in the XeF+

analogue. Accordingly the increased electron donating ability of Lhe

XeOTeF 5 " group relative to XeF÷ should result in overall shifts of

bands to lower frequencies. However, many other factors, such as the

site symmetry and the symmetry of the crystal environment also play a

role in activities and, to a lesser extent, peak positions. Thus,com-

parison of the spectra of the XeOTeF 5 and s-C3F3 N2N- moieties as well

as the As .- anion in s-C 3 F 3N2N-XeF÷AsF6-, s-C 3 F3N 2 N-XeOTeF5÷AsF 6 - and

s-C 3 F 3 N2 N-Xe-OTeFs-Sb(OTeFs) 6 - show little variation enabling one to

"transfer" the modes from XeOTeFsAsF 6 - and s-C 3 F3N 2N- for the purpose

of assignment of these compounds.

Among the major difficulties encountered when analyzing the

Raman spectra for the three adducts was the fact that the low frequency

Xe-N stretch is generally weak and therefore hard to assign. Conse-

quently, the vibrational mode is expected to vary the most among the
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three compounds, the Xe-N stretch, could not be definitively assigned.

Although the Xe-0, Te-O and Sb-O stretches associated with these

cbmpounds was generally very intense, it is not possible to assign

discrete stretching modes to the bands owing to strong coupling of

stretching vibrations arising from atoms of nearly identical masses,

i.e., Xe-O-Te and Sb-O-Te.

The spectrum for XeOTeF5÷Sb(OTeFs).- was poorly resolved by

virtue of the nature of the compound itself, i.e., poor crystallinity.

It was, however, possible to assign a number of modes including OTeF 5

modes and the intense and strongly coupled Xe-O-Te stretching modes all

correlating well with those observed in the spectra of s-C 3 F3 N2N-

XeOTeF&÷AsF6- and s-C 3 F 3 N2 N-XeOTeF 5 ,Sb(OTeFs) ,-.
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"' 2 9Xe Mbssbauer Study of Xenon-Nitrogen Bonded Species and Related

species
4

We have recently added ý"'-Xe M6ssbauer spectroscopy to our

in-house arsenal of structural characterization techniques. In

conjunction with establishing the capability in our laboratory, we have

prepared a high quality sealed source, namely, Na,1 29 IO. To date, we

have remeasured a number of previously determined compounds as well as

a nunmbe- of new xenon(II) cations described in our previous Annual

Technic,•l Peport (see Table 8)

In 2'WXe Mbssbauer spectroscopy, only the quadrupole

splitting is sufficiently sensitive to provide information relating to

xenon-ligtnd atom bond covalency, and is therefore the parameter we are

primaril.y concerned with. In general, the quadrupole splitting in

xenon(II) species is seen to decrease with increasing covalency as

det,•rmined from the ' 2 9 Xe NMR cnemical shift and the Xe-F stretching

frequency.

We have reported the reaction of XeF+AsF 6 - with trifluoro-s-

triazine, s-C 3 FN 3 , leading to the formation of a new class of Xe-N

bonrded c ..to.., s-- 3F3Nz-XeF-AsFn- in Section II. We propose to

investigate the /2:1 cation described earlier in this report by

M6ssbauer spectroscopy. The Mbssbauer spectrum of s-C 3 F 3N2N-XeFýAsF6-

has been measured. The quadrupole splitting in [s-C_3 EN 2 N-]2XeF÷AsFe-

ought to be significantly smaller than in the 1:1 cation or any other

xezLou ( (I1) derivative pre ;ently known if the second nitrogen is

crývordin, ted to the xenon. if our speculations are confirmed, the
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addition of this technique will prove invaluable in establishing the

existence of the first compound known to possess an AXnE3 arrangement

of bond pairs and lone pairs. The isolation of examples of solid

fluoro(alkylnitrile) and tluoro(pyridine) x-non(II) cations in the

course of these investigations have also provided us with further

opportunities to measure their M6ssbauer spectra (Table 8).
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Table 8. '-ýXe Mdssbauer data tor Xenon derivatives

at 4.2 K-a

Compound 6 b EQ r

XezF 3 •'AsF 6 - 0.2(1) 41.7(2) &.6(4) 0.89

XeF*AsFA- 0.2(7) 40.5(1) 9.5(3) 1.06 *

HCNXeF÷AsF.- 0.2(1) 40.2(3) 8.8(6) 0.82 *

XeF 2  0.0(2) 38.7(3) 9.6(7) 0.78

C5 FsNXeF"ASFF- 0.2(1) 37.8(3) 7.2(7) 0.91

FXeOSOŽF 0.05(9) 37.8(2) 10.1(4) 0.92 *

Xe(OSO2 F) 2  0.3(9) 37.3(2) 10.5(4) 0.96 *

CH3 CNXeF÷AsF 6 " 0.1(1) 37.2(3) 8.1(5) 0.79 *

C,FN 2 NXeFý*AsF 6 ~ 0.0(1) 37.1(2) 7.3(C) 0.72 *

Xe(OTeF5) 2  0.2(1) 36.0(3) 8.1(6) 0.83

Xe(OSeF 5 ) 2  0.07(7) 35.4(1) 8.6(4) 0.78 *

Xe [N(SO2 CF3 1)z ]12 -0.5(2) 33.3(4) 7.3(10) 0.87

XeF 4  0.2(1) 40.6(2) 10.4(5) u.69

Xe(OTeF5) 4  0.2(1) 35.2(2) 7.8(5) 0.78

O=Xe(OTeF!j)4  0.4(1) 15.8(2) 7.3(4) 1,01

Na 4 ,XeO6  -0.4(10) 0 11.5(4) 0.82

a The compounds being reported Eor the first time are
denoted by an asterisk (*).

b Relative to hydroquirione clathrate.
c Full, width at half height.
d Per degree of freedom.
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Conclusions and Di.rections for Further Research

1. XeF+AsEC may react with excess trifluoro-s-triazine to form

polymeric s-C�',N 2N-XeF-t-x S-C3F3N3 x > 1, '29Xe Mbssbauer

studies may provide evidence for this novel bonding situation;

2. XeF�SbFE- is too potent an oxidizing agent to form a stable

Xe(IV)-N adduct with trifluoro-s-triazine;

XeOTeF5� -AsF�- has Lewis acid properties and, as such, can be

used to prepare s-C�F 3N�N-Xe-OTeF�AsF�, the first compound

containing an N-Xe-a linkage;

4. Tho preparation and characterization of XeOTeF&�Sb(OTeF 5)6-

arid s-C�F�N 2N-'XeoTeF�/-sb(oTeF�) 6- represents an import.ant

new d�veloprnent in noble-gas chemistry. The high solubility

�f XeC)TeF�Sb(OTeF�A 6 and its trifluoro-s-triazine adduct

.�n sc�ŽcIF are significant in that they indicate a mcans to

prepare and characterize novel Xe-N compounds in an inert,

1�--po2arity solvent, The use of the Lewis acid XeOTeF�
SbV�TeF�j 6 , as in the preparation of s-CF 3 I42 N-XeQTeF�
sroT�F�)&, �ay extend to the syntheses of numerous novel
nchle-gas compounds which would be protonated and/or
iluor�.nated in Brl% and HF.

5. 'ro a certain extent follow-up work stemming from this wotk
has served to illustrate point (4) above. Cation adducts of

the more easily oxidized nitrogen CI-I3CEN and C�F�,N (per-
fluoropyridine) have been stabilized at low temperatures in
SO�clF solvents as the salts CH�C:N-XeOTeF�Sb(OTeF�) 6 and

C�14-XeOTeFSb(0TeF�,)�j. 4 9
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